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Abstract. The photoproduction of 27r® mesons off protons was studied with the Crystal Barrel/TAPS 
experiment at the electron accelerator ELSA in Bonn. The energy of photons produced in a radiator 
was tagged in the energy range from 600 MeV to 2.5 GeV. Differential and total cross sections and pyr^vr® 

Dalitz plots are presented. Part of the data was taken with a diamond radiator producing linearly polarized 
photons, and beam asymmetries were derived. Properties of nucleon and A resonances contributing to the 
pvT^TT® final state were determined within the BnGa partial wave analysis. The data presented here allow 
us to determine branching ratios of nucleon and A resonances for their decays into p7r®7r® via several 
intermediate states. Most prominent are decays proceeding via A(1232)7r, A(1440)l/2+7r, A(1520)3/2“7r, 
A(1680)5/2+7r, but also p/o(500), p/o(980), and p/2(1270) contribute to the reaction. 


1 Introduction 

Multi-meson decays of baryon resonances are supposed 
to become significantly more important with increasing 
baryon masses but so far, little is known about the dy¬ 
namics of the decay process. It is known that the Ntt 
decay fractions become small for high-mass nucleon and 
A resonances. For some resonances, large branching ratios 
for sequential decays via p formation in the intermediate 
state were reported, others have significant branching ra¬ 
tios for decays into Zl(1232)7r [T]. But many questions re¬ 
main open. Do high-mass resonances decay into ground 
state nucleons plus higher-mass mesons like /o(980) or 
/2(I270), or do they prefer to decay via excited baryons? 
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Is there a preference for decays with small momenta via 
high-mass intermediate resonances as observed in pp an¬ 
nihilation [2]? What is the role of the angular momentum 
barrier in the decay of baryon resonances? Photoproduc¬ 
tion of multi-body final states cannot only shed light on 
these questions but there is also the hope that missing res¬ 
onances may be discovered which have been predicted by 
quark models [^14] and in QCD calculations on the lattice 
(even though with pion masses of 400 MeV) but which 
were not (yet) found in experiments. Indeed, quark model 
predictions suggest that many of the so far unobserved 
states should have a significant Zl(1232)7r-coupling [B] and 
their helicity amplitudes should not be anomalously low 

m- 

The study of the reaction 

7P —>■ p 7r®7r® (1) 

opens a good chance to search for the missing resonances 
and to study sequential decays of high-mass resonances. 
Within the different yp —?► V27r-channels, the yp —f p7r®7r®- 
channel is the one best suited to investigate the Z\(I232)7r 
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decay of baryon resonances. Compared to other isospin- 
channels, many non-resonant-“background” amplitudes do 
not contribute, like diffractive p-production or the direct 
dissociation of the proton into Zi++ 7 r“, the so-called Kroll- 
Rudermann term. In addition, the number of possible Born 
terms and t-channel processes is strongly reduced; e.g. tt- 
exchange is not possible. This leads to a high sensitivity 
of the 7 p —> pTT^TT^-channel to baryon resonances decaying 
into Zl(1232)7r or into higher mass baryon resonances and 
a pion. However, other isospin channels will be important 
to separate contributions from N and A isobars. 

High-quality 27r° photoproduction data covering the 
region above 1.8 GeV where the missing resonances are 
expected do not exist so far. Good angular coverage is 
needed to extract the contributing resonances in a partial 
wave analysis. The ELectron Stretcher Accelerator ELSA 
[5] in combination with the Crystal Barrel/TAPS experi¬ 
ment offers a powerful tool for studying these nucleon res¬ 
onances at large masses also in multi-particle final states. 

In this paper, the reaction yp —> pir^Tr^ is studied for 
photon energies up to 2.5 GeV. A full description of the 
acceptance correction and of the method of how total and 
differential cross sections are determined is given in 
The acceptance correction requires a partial wave analy¬ 
sis which allows us to integrate differential cross sections 
into regions where the acceptance vanishes. The partial 
wave analysis includes the data presented here, the data 
on 7 p —>■ pir^r] [^, and a large number of other photo- 
and pion-induced reactions mm- A part of the results 
presented here were already communicated in two letter 
publications mm- 

The paper is organized as follows: In Section[2l we give 
a survey on the yp —>■ p7r°7r°-data already published be¬ 
fore the GBELSA/TAPS experiment was performed. The 
selection of the data is described in Section [3] Results are 
presented in Section 0] total and differential cross sections 
are discussed in subsections I4.III4.3I part of the data were 
taken with a linearly polarized photon beam, polariza¬ 
tion observables are defined and results presented in Sec- 
tion l4.4l SectionOsummarizes the results of a partial wave 
analysis. We give our interpretation of the results in Sec¬ 
tion [51 The paper ends with a short summary (Section [7]). 
The properties of N* and A* resonances as derived from 
the data presented here are listed in an Appendix. 

2 Previous results on 27z -photoproduction 

2.1 Data on yp —>■ N-rnv 

Early experiments: Early bubble chamber experiments 
benefited from the large solid angle coverage and the good 
reconstruction efficiency but suffered from the limited statis¬ 
tics. Photoproduction of mesons off protons was pioneered 
in the sixties using bubble chambers at Gambridge [H, 
DESY [T5], and at SLAG by different collaborations [TBl 
[TTlfTB] (only references to the latest collaboration papers 
are given). The experiments used wide band photon beams 
where the photon energy was reconstructed from the event 
kinematics or, alternatively, positron annihilation on a 


thin foil was exploited to generate photon beams in a 
narrow energy band. The two-body intermediate states 
yp —>■ 7r“Zl++, p“Zi++, and a2(1320)n were studied and 
the energy dependence of their cross section was deter¬ 
mined, partly also by using a polarized photon beam. 

Later experiments [T^ITO] studied the role of the Zl(I232) 
in two-pion photoproduction for below I GeV. 

Experiments at MAMI: DAPHNE at the Mainz Microtron 
MAMI gave total cross sections for yp —>• p 7 r° 7 r°, yp — 
n 7 r+ 7 r° and yp —>■ p 7 r+ 7 r“ at photon energies from 400 

to 800 MeV. Double neutral pion photoproduction off the 
proton was measured with the TAPS photon spectrometer 
from threshold m\ fo 792 MeV [53] and to 820 MeV [53] , 
respectively. The reaction was identified by reconstructing 
two neutral pions from the four photons and by exploit¬ 
ing a missing mass analysis. In m. data with one de¬ 
tected neutral pion and a detected photon were included 
in the analysis. Below the t] threshold, this was sufficient 
to identify the reaction. In m, total and the differen¬ 
tial cross sections da/dM(pir^), da/dMin^n^) and Dalitz 
plots were presented. The total cross section reached a 
maximum of about 10 pb at = 740 MeV. Above 610 MeV 
a strong contribution from the Z\(1232) as intermediate 
state was observed. The analysis of the reaction yp — 
n 7 r+ 7 r° [25] revealed Ap as important decay mode of A(1520)3/2 
The helicity difference 0 - 3/2 — 0 - 1/2 was measured by the 
GDH/A2 collaboration, again with the DAPHNE detec¬ 
tor, for incident photon energies from 400 to 800 MeV |26l 
HZ). The largest contribution to the p 7 r° 7 r° final state was 
provided when photon and proton had a parallel spin ori¬ 
entation. Yet, the configuration with anti-parallel spins 
provided a non-negligible contribution. 

Beam-helicity asymmetries were measured in the three 
isospin channels (^p —>■ n 7 r+ 7 r*^, "^p —^ p-n^-n^ and ~^p —^ 
7 r+ 7 r“p) with circularly polarized photons in a detector 
configuration which combined the Grystal Ball calorimeter 
with the TAPS detector [55] . 

Recently, MAMI was upgraded with a further accel¬ 
eration stage to a maximal electron energy of 1604 MeV. 

Using the Grystal Ball and TAPS photon spectrometers 
together with the photon tagging facility, the reaction 
yp —>■ p 7 r° 7 r° was studied from threshold to Ej = 1.4 GeV. 

Total and differential cross sections and angular distri¬ 
butions were reported. A partial-wave analysis revealed 
strong contributions of the 3/2“'' wave even in the thresh¬ 
old region |29| . Beam helicity asymmetries for the reac¬ 
tions p —>■ p-n^-n^ and n-n^-n^ were measured in the sec¬ 
ond resonance region (550 < E^ < 820 MeV) as well as 
total cross-sections and invariant-mass distributions |30j . 

The energy range was extended in m to a maximal pho¬ 
ton energy of 1450 MeV. The experiment also reported 
beam helicity asymmetries and cross sections for the pho¬ 
toproduction of pion pairs off quasi-free protons and neu¬ 
trons bound in deuterons and found that the asymmetries 
using protons or neutrons are very similar. 

The GRAAL experiment: The GRAAL collaboration mea¬ 
sured the cross section for reaction o m and for yd —>■ 
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n7r°7r°(p) [53] in the beam energy range from 0.65—1.5 GeV. 
The total and differential cross sections da/dM^pn^), da/ 
dAI{TT^7T°) and the beam asymmetry E with respect to 
the nucleon were extracted. Prominent peaks in the sec¬ 
ond and third resonance region were observed. 

Experiments at ELSA: The SAPHIR collaboration pre¬ 
sented total and differential cross-sections for yp —>• p7r+7r“ 
and determined the contributions from p*^-mesons and A- 
baryons for photon energies up to 2.6 GeV. At high pho¬ 
ton energies, s-channel helicity is conserved but not near 
threshold. The energy dependencies of the decay angular 
distributions suggest that s- or it-channel resonance con¬ 
tributions are small [34] . 

Published data from GB-ELSA, taken with the Grys- 
tal Barrel detector at ELSA, covered the photon energy 
range from 0.4 to 1.3 GeV [33133]. The total cross section 
exhibits the second and third resonance region at W = 1.5 
and 1.7 GeV, respectively. Dalitz plots and decay angular 
distributions were shown. The total cross section was de¬ 
composed into partial wave contributions derived from an 
event based partial wave analysis [35ll36] . 

Experiments at Tohoku: The photoproduction of tt+tt” 
pairs off protons and deuterons has been studied in a pho¬ 
ton energy range of 0.8 - 1.1 GeV at the Laboratory of Nu¬ 
clear Science, Tohoku University [ 32 ] and the cross section 
for the Z\++Z\“ production was deduced. 

Experiments at JLab: The GLAS collaboration has con¬ 
centrated the efforts on electro-production of pion pairs 
which is beyond the scope of this paper. The most recent 
result can be found in [38] . reviews can be found in [391 
HO]. The beam-helicity asymmetry 7® for yp —> p'k'^tt 
was studied m over a wide range of energies and angles. 

2.2 Interpretations 

After early attempts to understand two-pion photopro¬ 
duction, Liike and Soding presented a very successful de¬ 
scription of the reaction yp —?► p7r+7r“ [33] • (References 
to earlier work can be found therein.) A contact (Kroll- 
Rudermann) term dominated the leading produc¬ 

tion at low energies. A decisive step forward was the inclu¬ 
sion of interference between the diffractive resonant p am¬ 
plitude and background amplitudes in which the photon 
splits into a tt+tt” pair and where one pion is rescattered 
off the proton field. In total five Eeynman diagrams were 
used with surprisingly few parameters. 

The model was extended to include V(938), zi(1232), 
V(1440)l/2+, and 77(1520)3/2“ as intermediate baryonic 
states and the p-meson as an intermediate 27r-resonance. 
Later extensions included more baryon resonances. This 
type of model is based on the coupling of photons and 
pions to nucleons and resonances, and exploits effective 
Lagrangians thus leading to a set of Eeynman diagrams at 
the tree level. The models reproduce fairly well the experi¬ 
mental cross sections and the invariant mass distributions. 


Examples of this approach can be found in [551I551I551I461 
I471I481I49] . 

In MAID, photoproduction amplitudes of two pseu¬ 
doscalars on a nucleon were presented in m- Expansion 
coefficients were defined which correspond to the multi¬ 
pole amplitudes for single meson photoproduction. Within 
a given set of contributing resonances, moments of the in¬ 
clusive angular distribution of an incident photon beam 
with respect to the c.m. coordinate system for and 
were calculated. In the BnGa approach [51], most 
channels are not treated as missing channels with un¬ 
known couplings but rather, a large variety of channels 
is included in a real “multi-channel” analysis. A list of 
presently included reactions can be found in PlfTT] . SAID 
has not extended their “territory” to multi-particle final 
states. 


3 New ELSA Data 

The data presented here on yp —> cover the pho¬ 

ton energy range from 600 MeV to 2500 MeV and give ac¬ 
cess to the fourth resonance region. Results on decays of 
positive-parity IV* and A* resonance in the fourth reso¬ 
nance region have been reported in two letters P^[T5] .The 
data were taken in parallel with those on yp —>■ pTT^r] [9]. 

The experimental setup is hence identical and the event 
selection is similar. For experimental details, including an 
account of calibration procedures and of the Monte Carlo 
simulation used to determine the acceptance, we refer the 
reader to [5] . The data selection uses slightly different cuts 
than used in [5] and are documented here in some detail. 

3.1 Data and data selection 

The data were obtained using the tagged photon beam of 
ELSA [5] at the University of Bonn, and the Crystal Barrel 
(CB) detector [53] to which the TAPS detector [541155] was 
added in a forward-wall configuration. The tt*^ mesons were 
reconstructed from their 2y decay by a measurement of the 
energies and the directions of the two photons in CsI(Tl) 
(CB) and BaF 2 (TAPS) crystals. The proton direction was 
determined from its hit in a three-layer scintillation fiber 
detector (the inner detector) surrounding the target |56] 
and its hit in the CsI(Tl) (CB) or BaF 2 (TAPS) crystals, 
assuming that it originated from the center of the target. 

The reconstruction efficiency for reaction ([T]) is about 30% 
in the energy range considered here. 

The data have been acquired in different run periods in 
2002/2003, CBELSA/TAPS2 with unpolarized (985,000 
events) and CBELSA/TAPSl with polarized photons (620,000 
events). Photons with linear polarization were created by 
Bremsstrahlung of the 3.175 GeV electron beam off a di¬ 
amond crystal m- For the extraction of total and differ¬ 
ential cross sections, both data sets were used. These data 
span the energy range (A) in Fig.[TJ Data with linear pho¬ 
ton polarization were taken with two different settings (a) 
and (b) of the diamond crystal. In the analysis, the data 
were divided into three subsets, (B) from period (a), (C) 
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Fig. 1. The degree of linear polarization for the two beam 
times, (a) and (b). The calculation relies on an Analytic 
Bremsstrahlung Calculation |58| and on measured photon in¬ 
tensity distributions. The highest polarizations were 49.2% at 
E-y = 1305MeV (a) and 38.7% at 1610MeV (b), respectively 
(see 157] for details). Vertical lines indicate the energy range 
chosen for the extraction of cross sections (A) and polarization 
observables (B, C, D), respectively. 

from period (a) and (b), and (D) from period (b). Figure]!] 
shows the degree of polarization as a function of photon 
energy. The polarization reached its maximum of 49.2% at 
1305 MeV in period (a), and 38.7% at 1610MeV in period 
(b). 

In the event selection of the CBELSA/TAPSl data, 
events with four or five hits in the CB and TAPS calorime¬ 
ters were selected. It was required that not more than one 
charged particle was detected based on the information 
from the scintillating fiber detector or the veto counters in 
front of the TAPS modules. The corresponding “charged 
flag” assignment to a final-state particle was however not 
used in the analysis to avoid possible azimuthal-dependent 
systematic effects on the polarization observables. Instead, 
a full combinatorial analysis was performed to identify the 
proton among the five detector hits. For each combina¬ 
tion, it was tested if the invariant mass of both photon 
pairs agreed with the 7r° mass within ±35 MeV and if 
the missing mass of the proton was compatible with the 
proton mass within ±100 MeV. The missing-proton direc¬ 
tion also had to agree with the direction of the detected 
charged hit within ±10° in the azimuthal angle, (p, and 
within ±10° in the polar angle, 6, in the CB or within 
±5° in 0 in TAPS. If more than one combination passed 
these kinematic cuts, a kinematic fit was performed and 
the combination with the greatest Confidence Level (CL) 
for the 7 p —>■ hypothesis was selected. In a further 

step, all events were subjected to kinematic htting and 
the CL for the hypothesis jp —?► p7r°7r° was required to be 
greater than 10 % and had to exceed the CL for the com¬ 
peting 7 p —>■ pir^rj hypothesis. The direction of the proton 
before and after kinematic fit had to agree within ±8° in 
(fi and ±10° in 0 and within ±4° in 0 for the protons de¬ 
tected in the CB and in TAPS, respectively. Additionally, 
it was required that the number of crystals in a proton 
cluster had to be less than five for both calorimeters. The 
maximal energy deposited by protons was restricted to 
450 MeV in the CB and to 600 MeV in TAPS. The polar 
angle of the proton was restricted to the kinematic limit 
of 70°. 


In contrast to the reaction yp —>• pTr^ry [5], the con¬ 
tribution of events with only four calorimeter hits is not 
negligible for the reaction yp —>• p7r°7r°. To suppress the 
background contribution to this class of events, the same 
cuts (as above) were imposed on the invariant mass of the 
photon pairs and the missing mass of the proton. Events 
were selected if either the direction of the missing pro¬ 
ton was consistent with the forward opening of TAPS 
(0° < 6*proton < 5°) or the energy of the proton was too 
low to be detected in any of the calorimeters. To further 
suppress the remaining background, additional cuts on the 
polar angle, dproton, and on the momentum of the miss¬ 
ing protons were applied. In the forward direction covered 
by TAPS (5° < 0 < 30°), events with momenta below 
350 MeV/c were selected. For 30° < 6*proton < 60° and pro¬ 
ton momenta below 250 MeV/c, no detected hit in the in¬ 
ner detector was required since the protons with such low 
momenta cannot reach this detector. If the missing-proton 
momentum was in the range 250 < Pproton < 450 MeV/c, 
the direction had to be consistent with a hit in the inner 
detector within ±15° in p and ±20° in 0. Furthermore, all 
selected four-hit events were subject to kinematic fitting 
and the same 10 % cut as for the hve-hit events was ap¬ 
plied for the yp —?► p7r°7r° hypothesis. The CL also had to 
exceed the confidence level for the yp —^ pTr^p hypothesis. 
The background contamination of the final event sample 
was determined to be below 1 %. 

The selection of the unpolarized CBELSA/TAPS2 data 
follows a similar strategy but differs in the basic particle 
identification. In the forward direction, no (or at most 
one) signal in a TAPS photon-veto belonging to a cluster 
defines a photon (or a charged particle). For polar angles 
above 30°, a CB cluster is assigned to a charged particle 
if the trajectory from the target center to the barrel hit 
forms an angle of less than 20° with a trajectory from 
the target center to a hit in the scintillating fiber detec¬ 
tor. Events with four photons and at most one charged 
particle in the hnal state were selected. In five-cluster 
events, a coplanarity cut required |180° — A(j)\ < 20° be¬ 
tween the total momentum of the four photons and the 
detected charged particle. In a following step, the proton 
momentum was then reconstructed from event kinematics 
in missing-proton kinematic fitting. It was required that 
CL > 10 % for the hypothesis yp —>■ p7r°7r° and CL < 1 % 
for the hypothesis yp —> pn^r]. In this way, the four-photon 
(no charged particle) and the five-cluster events (with no 
more than one charged particle) were treated alike. For 
hve-particle events, the direction of the reconstructed and 
the kinematically fitted proton had to agree within 15° 
and 5° in CB and TAPS, respectively. 

4 Results 

4.1 The total cross section 

Figure H] shows the total cross section for yp —>■ p 7r°7r°. 
The cross section is determined from a partial wave anal¬ 
ysis to the data described below. The partial wave anal¬ 
ysis allows us to generate a Monte Carlo event sample 
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Fig. 2. The total cross section for yp — >■ ptt^tt^ . Red and blue dots represent our results derived from two different run periods. 
Results from other experiments are represented by open circles: CB-ELSA 1400 in red, those from GRAAL [5^ in green, 

and those from TAPS/A2 at MAMI in pink [29] and cyan [30]. The black open circles represent the data from [29] integrated 
within the BnGa partial wave analysis. The result of the partial wave analysis including the data from mm is shown as a 
histogram. Our systematic uncertainty is shown as yellow band. In addition, there is a normalization uncertainty of 10%, see 
Table [T] 


representing the “true” physics. For any distribution, the 
efficiency can then be calculated as fraction of the re¬ 
constructed to the generated events. Our data points in 
Fig. [2] were determined from the efficiency corrected num¬ 
ber of events. The red and blue full dots represent the 
two run periods, CBELSA/TAPSl and CBELSA/TAPS2, 
open circles represent earlier data [^1^0115^11351155] . Due to 
the sharp edges of the coherent peaks in the photon en¬ 
ergy spectrum, the determination of the photon flux suf¬ 
fers from additional uncertainties. Therefore, this energy 
range is omitted in the determination of the cross section 
but used to derive polarization observables. At about 1100 
MeV, two tagger fibers had a large noise rate. This may be 
responsible for the additional fluctuations observed here. 

The systematic uncertainty in the determination of the 
total (and the differential) cross sections contains several 
contributions. The first uncertainty depends on the ex¬ 
trapolation of the partial wave analysis into the region 
where no data exist. Since the region is very different for 
the data taken at ELSA and MAMI, we take the differ¬ 
ence between the fits to our data including or excluding 
the MAMI data [55] as estimate of the systematic uncer¬ 
tainty due to the PWA. This uncertainty is a function of 


Table 1. The normalization uncertainty in the determination 
of the cross sections. 


flux normalization 

8% 

reconstruction efficiency 

5% 

target density 

2% 

total normalization uncertainty 

10% 


energy and the scattering angle and is plotted as yellow 
band in the histograms. Eor energies above 1.7GeV we 
use the difference between our two data sets to estimate 
the uncertainty. In the energy range where no red data 
exist, the systematic errors are interpolated between the 
low and the high-energy region. In addition there is an 
overall systematic error, see Table [1] 

Our cross section agrees reasonably well with our ear¬ 
lier data and with those from TAPS/A2 [5511551 at MAMI 
and those from GRAAL [55] . In the low energy region, the 
GB-ELSA data show a slightly larger cross section than 
those from MAMI. The partial wave analysis described 
below assigns the shoulder to production of the Roper 
resonance V(I440)I/2+ decaying into A{1232)tt. In the 
fit we use both data sets which reproduces the mean. 

The data exhibit clear evidence for the second and 
third resonance regions, the peak cross section reaches 
about 10 /ib. We hence expect contributions from A^(I440) 
I/2+, iV(I535)I/2-, and A^(I520)3/2- (2"'^ resonance re¬ 
gion) and from7V(I7I0)I/2+, Af(I650)I/2-, 7V(I680)5/2+, 
iV(I700)3/2-, zi(I600)3/2+, Z\(I620)I/2-, and Z\(I700)3/2- 
(3'^'^ resonance region). Above the third resonance region, 
the cross section falls off smoothly from 6 /ib and reaches 
4/ib at 2.5 GeV photon energy. There is some indication 
for a small enhancement at about = 1.5 GeV due to 
the fourth resonance region. 

In Eig. [5] (left) the cross section for photoproduction 
of two neutral pions is compared to the cross section for 
single 7r° photoproduction (adapted from [H]). The latter 
cross section is scaled down by a factor 3 to allow for a 
direct comparison of the two cross sections. The positions 
and shapes of the structures in the Ntt and Ntttt mass 
distributions are strikingly different: The low-mass peak 
in the Ntt mass distribution is found at a higher mass 
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Fig. 3. Left: Comparison of the total cross sections for yp — >■ pyr® |59| (black dots) and yp — >■ ptt°tv^ (for symbols, see Fig. 
mi. The results of the partial wave analysis are shown as solid curve or histogram. Right: The most important partial wave 
contributions to the cross sections (solid curve yp —>■ p7r°7r°, dashed curves: yp —>■ p7r°; the color code for different IJ^ partial 
waves is given in the figures). For spin parity = 3/2^, the total contributions are shown as well as the contributions to 
isospin I = 3/2, = 3/2^ and I = 1/2, = 3/2^. The I = 1/2 contributions to 5/2^ are also shown. 


Table 2. Width and branching ratios of resonances in the 2"^^ 
and resonance region for decays into Ntv and Ntvtt |60| . 
The Np contribution to Ntttv - not contributing to Ntv^tv^ - 
is mostly small. 



r (MeV) 

Ntt 

Ntttt 

A(1440)l/2+ 

325T125 

0.65T0.10 

0.35T0.05 

Af(1520)3/2- 

113T13 

0.60T0.10 

0.25T0.10 

Ar(1535)l/2" 

150T25 

0.45T0.10 

0.05±0.05 

Af(1650)l/2- 

155±30 

0.70T0.20 

0.15±0.05 

Ar(1675)5/2~ 

150±20 

0.40T0.05 

0.55T0.05 

Af(1680)5/2+ 

130T10 

0.68T0.03 

0.35T0.05 

Af(1700)3/2- 

175T75 

0.65T0.10 

0.35T0.05 

Ar(1710)l/2+ 

150T100 

0.13T0.08 

0.65T0.25 

Af(1720)3/2+ 

275±125 

0.11T0.03 

0.80T0.10 

A(1620)l/2" 

140T10 

0.25T0.05 

0.15T0.05 

4(1700)3/2- 

300T100 

0.15±0.05 

0.75T0.05 


than in the Ntttt mass distribution, and for the higher 
mass peak, the reverse is true. 

For yp -y pir^, the tail of Z\(1232) is seen followed by 
the second and third resonance regions. The visible height 
in ^a{yp -y ptt^) in the second (third) resonance region 
is a bit larger (smaller) than in (T{yp -y pir^Tr^); how¬ 
ever, the third resonance peak appears to be considerably 
wider. Thus we expect the ratio of Ntt to Ntttt branching 
ratios to be of the order of 4:1 larger for the resonances in 
the second and of the order of 2:1 in the third resonance 
region. In Table [5] we list the Ntt and Ntttt branching 
ratios. 


There are several reasons which may be responsible for 
the shifts in the peak position observed in Fig.[3]when the 
cross sections for yp -y p7r° and yp -y ptt^tt^ are com¬ 
pared. First, the peak positions are not directly related to 
the pole positions. Interference with a ‘background’ ampli¬ 
tude can lead to a shift of the observed mass distribution; 
only the pole position does not depend on the particu¬ 
lar reaction dynamics. Second, the observed distribution 
depends on the interference of resonances with different 
isospin. Thus, Af(1520)3/2“ can interfere with the tails 
of iV(1700)3/2- and Z\(1700)3/2-; iV(1535)l/2- can in¬ 
terfere with Z\(1620)l/2“, and the interference may be 
different in the p7r° and ptt^tt^ final states. (Of course, in¬ 
terference between, e.g., A^(1535)l/2“ and A^(1520)3/2“ 
is possible as well but this leads to changes in angular dis¬ 
tributions but not to changes of the total cross section.) 
A third possibility to explain the mass shifts between the 
peaks in the Ntt and Ntttt cross sections are differences 
in the relative importance of individual resonances con¬ 
tributing to the second or third resonance region. Obvi¬ 
ously, the interpretation of the mass shifts requires a full 
partial wave analysis. 

Some main results for the leading partial waves are 
shown in Fig. m right. We first notice that the two promi¬ 
nent peaks in the total cross sections are dominantly due 
to iV(1520)3/2- and Af(1680)5/2+. The 77(1520)3/2" state 
has a branching fraction 0.61 ± 0.02 into the ttN channel 
and 0.28 ± 0.06 into the Att channel. Therefore the ex¬ 
pected contribution of this state in the photoproduction 
calculated from the tt^p channel is 96 pb. This number 
yields an expected contribution to cr(yp -y p7r°7r°) of 6 
pb which perfectly corresponds to the observed value (see 
Fig.[3])- However even in the case of the iV(1680)5/2+ state 
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Fig. 4. Dalitz plots for 1500 MeV < E^, < 1700 MeV (left) and 1800 MeV < E^, < 2200 MeV. The arrows indicate the positions 
of A(1232), Ar(1520)3/2", and Af(1680)5/2+. 


the situation is a more complicated one. The contribution 
to pir^ reaching a peak value of 14 ph, which after correct¬ 
ing for the Nir branching fraction of 0.62±0.04 (our value, 
see Table [21) corresponds to the total contribution 68 ph. 
The dominant intermediate states are Z\(1232)7r° and pa 
where cr stands for the full (7r7r)s-wave- The An channel 
is later determined to have a 17% branching ratio yield¬ 
ing an expected contribution of 68 • 17% • 2/9 = 2.5 ^b. 
The Na isobar is observed with a branching ratio of 14% 
and a Clebsch-Gordan coefficient 1/3 yielding an expected 
contribution to cr( 7 p —>■ p7r°7r°) of 3.2 ^b in p7r°7r°. These 
numbers are perfectly reproduced for the Af(1680)5/2+ 
state when all non-resonant contributions (including high 
mass states) are switched off. However, due to interfer¬ 
ence with these non-resonant contributions, the full par¬ 
tial wave reaches only 2.2 ph in the An^ and 2.4/ib in 
the pa channels. Further interference between An and pa 
reduces the maximum of the total contribution to 4 ph in¬ 
stead of 4.6 ph which is expected from a simple addition 
of the branching ratios. 

The = 3/2+ contribution to pn^ is of course dom¬ 
inated by the Zl(1232) resonance; only its tail is shown 
here. Above 800 MeV in the {I)J^ = (3/2)3/2+ con¬ 
tribution exceeds the total contribution from both isospins: 
there is destructive interference between the two isospin 
components. The {I)J^ = (3/2)3/2+ contribution is larger 
than the corresponding contribution from isospin 1/2: 
Z\(1920)3/2+ has larger pry and Nn coupling constants 
than Af(1900)3/2+. In the reaction yp —>■ p7r°7r°, the isodou¬ 
blet contribution exceeds the isoquartet contribution in 
the 3/2+ partial wave: nucleons with = 3/2+ couple 
more strongly to Nnn than the corresponding A states. 
The interference of the two isospin components changes 
from destructive to constructive with increasing photon 
energy. The two isospin amplitudes are identified by tak¬ 


ing SAPHIR data on Z\++(1232)7r“ [34] into the global 
fit. 

Remarkable are the contributions from the two 3/2“ 
waves. We first discuss the contributions to single 7r° pro¬ 
duction. The narrow 7V(1520)3/2“ resonance (green, dashed) 
interferes with the broad Zl(1700)3/2“ (blue, dashed) lead¬ 
ing to a very significant mass shift of the peak in the to¬ 
tal 3/2“ contribution (red, dashed). In contrast, there is 
no significant mass shift in the yp —>■ pn^n^ reaction. The 
high-mass tail of the 3/2“ contribution to the yp —>■ pn^n^ 
cross section (red, solid) shows a rapid fall and is simi¬ 
lar in shape to the V(1520)3/2“ contribution, the isospin 
I = 3/2 contribution to the = 3/2“ wave (blue, solid) 
is small. Clearly, the distributions would lead to differ¬ 
ent masses and different widths if the data were fitted 
with simple Breit-Wigner amplitudes. Both distributions 
are fitted well with one pole position if background ampli¬ 
tudes and interference with resonances at higher masses 
are properly taken into account. 

4.2 Dalitz plots 

Above 1.25 GeV photon energy, or above 1.8 GeV invariant 
mass, the total cross section does not exhibit any signif¬ 
icant features. This does not imply that the reaction has 
no internal energy-dependent dynamics. Figure |4| shows 
two Dalitz plots for photons in the range 1500 MeV < E.^ 

< 1700 MeV (or for the invariant-mass range from 1.92 - 
2.02 GeV) and for 1800 MeV < E.^ < 2200 MeV (or 2.07 - 
2.24GeV in mass). In the Dalitz plots, the squaredpTr^ in¬ 
variant mass formed by choosing one n^ is plotted against 
the squared pn^ invariant mass with the second pion. The 
two 7r° are identical and hence the Dalitz plots are filled 
with two entries per event. This leads to a symmetry of 
the Dalitz plots with respect to the diagonal. There is a 
low-intensity region at the Dalitz plot border. This is an 
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Fig. 5. Dalitz plots in E-., bins from 900 MeV to 2500 MeV. The data are not corrected for acceptance and photon flux. The 
arrows indicate the positions of Zl(1232), ^^(1520)3/2“, and Ai(1680)5/2’^. 


artifact due to the finite energy bin: the outer border of 
the Dalitz plots is given by the upper limit of E-y, the low- 
intensity region extends into the inner region of the Dalitz 
plot and is defined by the lower limit of Ej. 

The highest intensity in both subfigures of Fig. 2] is 
observed along vertical and horizontal bands at « 
1.5 GeV^ corresponding to the (squared) Z\(1232) mass. 
The partial wave analysis assigns the bands to sequential 
decays of high-lying N* and A* resonances decaying via 

N*+, Z\*+ ^ Z\+(1232)f ^ p7r°7r° (2) 

The intensity along the Z\(1232) bands in Fig. 0] (left) 
is not uniform; it increases with increasing mass of the 
second system. This is due to two reasons: there is 
additional intensity due to iV(1680)5/2+ (to be discussed 
below). The partial wave analysis also identifies p/o(500) 
(or pa) as intermediate isobar. The scalar /o(500) is rather 
broad; the p/o(500) isobar creates additional intensity along 


the secondary diagonal. In addition, there is a weak pair 
of enhanced-intensity bands at Ri 2.3 GeV^, i.e. at the 
mass of the A^(1520)3/2“ resonance. It is assigned to the 
decay sequence (|31). The two A^(1520)3/2“ bands interfere 
constructively. 

In Fig.2](right) the /i(1232) band extends over a wider 
range, and three additional enhancements turn up. The 
enhancement on the diagonal is due to the interference of 
the two Af(1520)3/2“ bands; the other two enhancements 
can be traced to the interference between the amplitudes 
for iV(1520)3/2“ and iV(1680)5/2+ production. Thus we 
have evidence for several sequential decay chains: 

N*+ iV+(1520)f “ttO ^ p7r°7r° , (3) 

N*+ 7V+(1680)f^7rO ^ p7r°7r° , (4) 

iV*+—>• p/o(500) —>• p7r°7r°. (5) 
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Fig. 6. The p7r° (left) and (right) invariant mass distributions for increasing photon energies, for Ery = 0.9 to 2.5 GeV. 
In the left figure, there are two entries per event. Red and blue crosses: data from CBELSA/TAPSl and CBELSA/TAPS2. 
Histograms: BnGa full fit (black), BnGa ht without A^(1900)3/2’'" (green). The systematic uncertainty is shown as yellow band. 
In addition, there is a normalization uncertainty of 10%. 


Surprisingly, the partial wave analysis (Section [S]) assigns 
these decay chains to N* resonances and (nearly) not to 
/i*’s. An interpretation of this observation will be given 
in Section EH 

Figure [S] shows a series of Dalitz plots for increasing 
values of the photon energy. (The Dalitz plots for the low¬ 
est energy bins are featureless and not shown here.) In 
the first Dalitz plot, an enhancement is observed which 
stretches along the secondary diagonal. It is, however, not 
a 7r°7r° effect (even though its mass corresponds to the 
ABC effect, we quote the original finding and two recent 
results [HT t lH ^ IHH]) ; instead it can be assigned to the coher¬ 
ent production of Zi(1232) as intermediate isobar in both 
pTT^ pairs. In the next Dalitz plot covering the 1000 < 

< 1100 MeV photon energy range, the two Z\(1232) 
isobars (formed by the proton and one of the two pions) 
separate, and one horizontal and one vertical line due to 
A{1232) production can been seen. The Dalitz plots at 

= 1150±50 and 1250±50MeV confirm that the latter 
enhancement is associated with a defined JVP. These two 
lines continue to be seen up to the highest photon ener¬ 
gies E^ = (2.4 — 2.5) GeV. In the Dalitz plots covering the 
photon energy range from 1400 to 1800 MeV, a small en¬ 
hancement is observed at a squared mass Ri 2.2 GeV^. 
This small enhancement is interpreted as A^(1520)3/2“. 
At Ey = 1450 ± 50 MeV and E^ = 1550 ± 50 MeV it 
leaves its trace as small enhancement on the diagonal at 
the position where the two A^(1520)3/2“ - formed with the 
two 7r° - overlap. At Ej = 1950 ± 50 and 2050 ± 50 MeV, 
this enhancement separates into two faint bands at 2.2 
and 2.7 GeV^ indicating the presence of two resonances. 


iV(1520)3/2 and iV(1680)5/2+. In the next two bins with 
Ey = 2150 ± 50 MeV and E^ = 2250 ± 50 MeV, the 
iV(1680)5/2+ becomes the most prominent feature while 
both, Z\(1232) and A^(1520)3/2“ can still be recognized. 
At the highest photon energies, a faint band close to the 
lower Dalitz plot boundary develops (corresponding to the 
highest 7r°7r° mass). In the partial wave analysis described 
below, the latter is identified as /2(1270). 

4.3 Mass and angular distributions 

In Fig. E] the mass distributions, in Fig. [7] three angular 
distributions are shown. The mass distributions are given 
as functions of Mp^o and the angular distributions 

depend on the cosine of the angle between proton momen¬ 
tum and the incoming photon direction in the center-of- 
mass system or, alternatively, of the scattering angle in the 
Gottfried-Jackson or in the helicity frame [64]. The cms 
frame is useful to characterize the decay angular distribu¬ 
tion of a resonance, the Gottfried-Jackson and the helicity 
frames are useful to discuss production mechanisms of vec¬ 
tor mesons. Here, in the case of 27r° production, they do 
not provide immediate insight into the production mech¬ 
anism. We show these distributions for completeness and 
to facilitate a judgement of the fit quality. The systematic 
uncertainties are calculated from the difference of the dis¬ 
tributions resulting from the two data sets and from the 
variation of the PWA results when the data from MAMI 
[29] are taken into account or not. The calculated system¬ 
atic uncertainties are thus much smaller where only one 
data set exists, and may be underestimated. The solid 
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Fig. 7 . Angular distributions of the proton (left) and pions (right) with respect to the photon beam (top), in the Gottfried- 
Jackson frame (middle) and in the helicity frame (bootom). The systematic uncertainty is shown as yellow band. See caption 
of Fig. [5] for symbols. 
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lines represent the results of the partial wave analysis (see 
section El). The decay pattern of resonances via the cas¬ 
cade N* —>■ iV(1520)3/2“7r° —>■ p7r°7r° evidences signifi¬ 
cant contributions from iV(1900)3/2+. For this reason, we 
display the PWA fit results also when this resonance is 
omitted from the fit. 

The Mp^o shows the features discussed above: clear 
peaks are seen due to production of 2i(1232), A^(1520)3/2“, 
and A^(1680)5/2+ as intermediate isobars. The mass 

distributions have little structure. In the mass interval 
from 1800 to 1900 MeV, a small peak evolves at 1 GeV 
which becomes more significant in the next mass intervals. 
It is identified with /o(980). At the highest photon en¬ 
ergy (2400 - 2500MeV), a comparatively narrow structure 
seems to be present. In the fit it is assigned to /2(1270) 
production. Due to the large /2(1270) width, the narrow 
structure is not well described by the partial wave analysis. 
The difference between the two data sets (red and blue) is 
significant, indicating that small discrepancies should not 
be overinterpreted. 

4.4 Polarization 

In photoproduction of single pseudoscalar mesons with a 
linearly polarized beam, the beam asymmetry S can be 
determined from the distribution of the angle (j) between 
two planes (shown with an offset of 90° in Fig. |S|). One 
plane is defined by the photon polarization vector and the 
direction of the photon (polarization plane), the second 
plane is called production plane and defined by the di¬ 
rection of the photon and the outgoing proton or one of 
the outgoing mesons. In photoproduction of a single me¬ 
son, the outgoing proton or the outgoing meson define, of 
course, the same plane. In two-meson production, the pro¬ 
duction plane can be chosen, and three beam asymmetries 
can be defined. Up, Emi, Here, the two mesons are 
both neutral pions, and two beam asymmetries, Sp and 



Fig. 8. Kinematics of the three-body final state in the cms 
frame: incoming photon and outgoing proton p' define one of 
three production planes. Its normal vector (not shown) and the 
photon polarization span an angle 0 — 90°. The decay plane 
(above the production plane in light blue) is defined by the 
three particles in the final state, cf)* is defined as the angle 
between production and decay planes. 


exist. These two asymmetries are, however, not the 
only ones which can be determined. 

With three particles in the final state, the beam asym¬ 
metries depend on the kinematical variables defining the 
recoiling two-particle system. E.g., a third plane can be 
defined by the three particles in the final state. Their de¬ 
cay plane can be calculated from the vector product of 
the momenta in the three-particle rest frame of any pair 
of the final-state particles. Selecting one of the three final- 
state particles, the angle between the reaction plane and 
the decay plane is called </>*. The definitions of (p and p* 
are shown in Fig. E] for the case where the recoiling proton 
defines the reaction plane. With these angles, the cross 
section can be expressed in the form [65] : 

-b r{(l)*)cos{2(j))]}. (6) 

Here, (^)g is the unpolarized cross section. Pi the 
degree of linear photon polarization. P and P are ex¬ 
tracted by a fit to the ())-distributions. A few examples for 
the according distribution are given in Fig. El Both, the 
cos(2()))-modulation due to P and the sin(2()))-modulation 
due to P are clearly visible and are fitted with function 
(ED- One can also observe opposite phase shifts in differ¬ 
ent ranges of p*. The distributions are shown pairwise: a 
rotation of the production plane around the normal of the 
decay plane, with </>* —>■ 2Tr — (f>*, corresponds to a sign 
flip. The photon polarization plane is also rotated, and 
the azimuthal angle is changed to p ^ 2 tt — (p. In eq. dSD, 
these changes lead to sin(2 • (27r — (p)) = — sm{2(p) and 
cos(2 • (27r — (p)) = cos(20), and thus to 

P{(P*) = p{2n - (P *); P{(P*) = -P{2tt - <p*). (7) 



Fig. 9. Examples of distributions of azimuthal angle cp, binned 
in limited ranges of <p*. The two upper figures: recoiling pion, 
E-y = 970—1200 MeV, two lower figures: recoiling proton, Ey = 
1200 - 1450 MeV. 
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Fig. 10. Polarization observables: red points: CBELS A/TAPS data, open circles: derived from symmetry. Black curve: BnGa 
main PWA fit, green curve: BnGa PWA fit without A^(1900)3/2"'". Upper left block of figures shows the beam asymmetry S 
for three bins in photon energy (970 - 1200; 1200 - 1450; 1450 - 1650 MeV), in the first column as a function of cos0.,r (pion 
recoiling), in the second column as a function of cos0.,r7r (proton recoiling), in the third column of M{pn) (pion recoiling), in 
the fourth column of M{irTT) (proton recoiling). The upper right block shows the observables 7'^ and 1“ for three bins in Ej for 
the proton recoiling (upper two rows) and pion recoiling (lower two rows) as function of the angle (p*. The figures in the lower 
blocks show Ip (left) and 7® (right) additionally binned in cos 9p. Systematic errors are shown as yellow bands. 


The relation = 4)1+n holds where 4>i and 4>2 refer to 
the two pions. Since the two pions are indistinguishable, 
I‘^{4>*) = I‘^{4>* +7r) and I^{4>*) = I^{4>* +7r) follows when 
the proton is taken as recoiling particle. In Fig. [5] one can 
see that these symmetry requirements are well fulfilled in¬ 
dicating the absence of significant systematic effects in the 


data. The distributions can be integrated over </>*. Then, 
7® vanishes identically and = S holds. 

The observables: The two upper blocks in Fig. [TUI show 
the beam asymmetry E for a recoiling 7r° or proton and 7^, 
7®, 7® as functions of 4>*, for different slices in photon 

energy. The data are shown with their statistical errors, 
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Fig. 11. Polarization observables: red points: CBELS A/TAPS data, open circles: derived from symmetry. Black curve: BnCa 
main PWA fit, green curve: BnGa PWA fit without A^(1900)3/2"'". The two upper blocks of figures show 7^ and 7^ for three 
bins in photon energy, additionally binned in four ranges of cosOtt', the two lower blocks show Ip and Ip, additionally binned in 
the invariant mass M{p'k). Systematic errors are shown as yellow bands. 


the bold solid curve reproduces the partial-wave-analysis 
fit. The values can be binned in slices of cos 9p (7°, 7^: two 
lower blocks of subfigures in Fig. [1®, in slices of cos^tt 
(7°, I^-. upper blocks in Fig. [TT]), in slices of M{ptt) {I^, 
7®: lower blocks in Fig. El), or slices in M{-k'k) (7^, 7®: 
Fig. [T^ . The yellow bands indicate the systematic errors 
due to the uncovered phase space. It was obtained by (a) 
investigating the difference in 7® and 7° obtained from the 
BnGa PWA for the reconstructed and generated Monte 
Carlo events and (b) by determining the effect of a two¬ 


dimensional acceptance correction (instead of the full five¬ 
dimensional acceptance correction using the PWA) with 
<j) and (p* as variables on 7® and P. The larger deviation 
was chosen as the systematic uncertainty. The symmetry 
conditions (see eq. [7]) are reasonably fulfilled for the data 
on 7® and 7”^ presented in Figs. ITTIl-ITT] 


Further evidence for Af(1900)3/2+: The polarization 
data are sensitive to the spin-parity of resonances decay- 
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Fig. 12. Red points: CBELSA/TAPS data, open circles: derived from symmetry. Black curve: full Bonn-Gatchina PWA fit, 
green curve: best fit without A(1900)3/2^. The figures show Ip (left) and Ip (right) for three bins in E^, additionally binned 
in the invariant mass M(7r7r) (from 270 up to 1020 MeV). Systematic errors are shown as yellow bands. 
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Fig. 13. Dalitz plot p7r°7r° for 1.30 < Ej < 1.65 GeV and 
polarized photons. The phase space is divided into two regions 
I and II. In region II the Z\(1232) contribution is suppressed 
and the V(1520)3/2“ contribution enhanced. 


ing to pir'^TT^. In particular, new conclusive evidence can 
be deduced for Af(1900)3/2+. To show this, we select a re¬ 
gion of the Dalitz plot in which A^(1520)3/2“ is observed. 
In a first step, we show and I® for protons and pions 
integrated over cos 6 and over a fraction of the Dalitz plot 
as shown in Fig. 1131 Region I contains events which are 
compatible with the reaction jp —>■ Zl(1232)7r while region 



0 200 0 200 0 200 0 200 


(|)*, deg 


Fig. 14. Ip, Ip, 1°, and /); as functions of 0* for 1300 < E-y < 
1650 MeV. The hve subfigures on the first (second) row show 
the distributions for events in region I (II) of the Dalitz plot. 
Dots: I‘,E', open circles: derived from symmetry; grey band: 
syst. uncertainties. The solid curve represents the BnGa PWA 
fit. 


II enhances the contributions from 7 p —>■ Af(1520)7r. The 
corresponding P and P distributions are shown in Fig.fHl 
(adapted from |13] ). The events from region I do not show 
any significant structure. We relate this observation to the 
large number of resonances with significant decay modes 
to Zl(1232)7r which wash out any structure. On the con¬ 
trary, events in region II show significant deviations from 
uniformity. This encouraged us to search for a leading con¬ 
tribution to the reaction chain yp —>■ N* 7V(1520)7r. 

The distributions in P and P for events in region II 
of Fig. [T3] are shown again in Fig. [TS] (adapted from [13]). 
The errors in P and P reflect the statistical errors; the 
systematic uncertainty are shown as yellow bands. The 
data are shown repeatedly in four lines and compared to 
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Fig. 15. 7® and I'^ for events in the A(1520) region. The same 
data are shown in all rows. The lines represent simulated dis¬ 
tributions for the reaction chains N{J^) —>■ A^(1520)3/2“7r'^, 
A^(1520)3/2“ —> Ntv^ for different spin-parities (J^) of the 
initial state. Some predictions for 7® vanish. 


highly simplified predictions. It is assumed that a single 
resonance at 1900 MeV decays into via formation 

of iV(1520)3/2“ as intermediate resonance. The expected 
7®/7‘^ pattern then depends on the quantum numbers of 
the primary resonance, on the ratio of the helicity ampli¬ 
tudes 712 / 2 /^ 3/21 Slid on the ratio of the decay amplitudes 
with a leading and a higher-L orbital angular momentum 
(D/S, F/P, or G/D). If there is only one helicity ampli¬ 
tude, for J = 1/2, 7® and 7'^ vanish identically. The helicity 
ratio and the amplitude ratio were used to fit the data in 
a two-parameter fit. 

The comparison shows that an initial = 3/2+ res¬ 
onance decaying into iV(1520)3/2“ gives by far the best 
description of the data (with a x^/lVdof = 1-25 for 40 
data points). The D/S ratio is determined to 5%. Assum¬ 
ing an initial quantum number = 3/2“ (J+ = 3/2+; 

= 5/2+) results in a x^/A^dof between 5 and 10. This 
is a remarkable result: the spin-parity of the initial state 
follows unambiguously from the observed distributions; no 
partial wave analysis is required to arrive at this result. 

The distributions do not provide any information on 
the isospin. However, the helicity ratio for the = 3/2+ 
hypothesis is determined from the fit to A 1 / 2 /A 3/2 = 
-0.47. PDG quotes -0.55 for fV(1900)3/2+ and +1.7 for 
Z\(1920)3/2+. Hence we might conclude that - most likely 
- 77(1900)3/2+ should be responsible for the observed pat¬ 
tern and should provide a substantial contribution to the 
reaction. As will be seen below, the partial wave analy¬ 
sis finds indeed a significant contribution from the decay 


chain Af(1900)3/2+ ^ Af(1520)3/2--b7rO with fV(1520)3/2- 
decaying into p7r°. 


5 Partial wave analysis 

The data presented here are included in the large data 
base of the BnGa partial wave analysis. The included 
data are listed in m and m- The new data allow us 
to extract detailed branching ratios for sequential decays 
of N* and A* resonances. The data with three particles 
in the final state, like the data presented here, are fitted 
using an event-based likelihood method which returns the 
logarithmic likelihood ln£i of the fit for the data set i. 
However, the polarization observables enter the fit only as 
histograms, and the fit quality is described by a x^ value. 
The fit minimizes the total log likelihood function defined 

by 


-InAot = 

The data sets are weighted with weight factors Wi to avoid 
that polarization data - mostly of low statistics but very 
sensitive to the phases of amplitudes - are dominated by 
high-statistics differential cross section. Changes of — In £tot 
are converted into a changes of a pseudo-x^ by 

(5x^ =-i(51n/:. (9) 

The properties of the resonances used in the analysis are 
listed in Table [7] in the Appendix. 


6 Interpretation 

Table[3]lists the branching ratios of N* and A* resonances 
for their decays into Nn or Z\(1232)7r. A detailed compar¬ 
ison of data and model predictions has been made in [6] 
which we do not repeat here (even though there are now a 
few more entries in the data list). Instead, we discuss the 
branching ratios at a phenomenological level. 

One might expect that the branching ratios should 
depend on the decay momentum. Figure [16] shows the 
branching ratios as a function of the mass of the decaying 
resonance. No systematic dependence is observed. Like¬ 
wise, in Z\(1232)7r decays, there are often two angular mo¬ 
menta compatible with all selection rules but there is no 
obvious preference for the lower or higher orbital angu¬ 
lar momentum. Also, we did not find any hint why for 
some resonances the Nn decay mode is preferred over the 
A(1232)7r decay mode while for other resonances, the re¬ 
verse preference holds. 


6.1 Wave functions of excited baryons 

The total wave function consists of a color, flavor, spin, 
and spatial part. The color wave function is totally an¬ 
tisymmetric with respect to the exchange of any pair of 
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Table 3. Comparison of branching ratios (in %) for decays 
into nN and ttA. Branching ratios from the Particle Data 
Group |60| are given by small numbers. 



Ntt 

L 

z4(1232)ir 

L<J 

z4(1232)ir 

L>J 

Ar(1440)l/2+ 

63±2 

55 75 

1 



20±7 

20 - 30 

1 

Af(1520)3/2“ 

61±2 

55 65 

2 

19±4 

10 - 20 

0 

9±2 

10 - 15 

2 

Af(1535)l/2- 

52±5 

35 55 

0 



2.5±1.5 

0 - 4 

2 

Ar(1650)l/2- 

51±4 

50 90 

0 



12±6 

0 - 25 

2 

Af(1675)5/2“ 

41±2 

35 45 

2 

30±7 

50 - 60 

2 

< 2 

4 

Af(1680)5/2+ 

62±4 

65 70 

3 

7±3 

10±5 

1 

10±3 

0 - 12 

3 

Af(1700)3/2- 

15±6 

12±5 

2 

65±15 

10 - 90 

0 

9±5 

0 - 20 

2 

Af(1710)l/2+ 

5±3 

5-20 

1 



25±10 

15 - 40 

1 

Af(1720)3/2+ 

11±4 

11±3 

1 

62±15 

1 

6±6 

75±15 

3 

Af(1875)3/2” 

4±2 

12±10 

2 

14±7 

40±10 

0 

7±5 

17±10 

2 

Ar(1880)l/2+ 

6±3 

1 



30±12 

1 

Ar(1895)l/2- 

2.5±1.5 

0 



7±4 

2 

Af(1900)3/2+ 

3±2 

1 

48±10 

1 

33±12 

3 

Af(1990)7/2+ 

1.5±0.5 

3 

16±6 

3 


5 

Af(2000)5/2+ 

8±4 

1 

22±10 

1 

34±15 

3 

Ar(2060)5/2“ 

11±2 

2 



7±3 

2 

Ar(2120)3/2" 

5±3 

2 

50±20 

0 

20±12 

2 

Ar(2100)l/2+ 

16±5 

11±3 

1 



10±4 

1 

Ar(2190)7/2” 

16±2 

10 20 

4 

25±6 

2 


4 

Zi(1600)3/2+ 

14±4 

10 25 

1 

77±5 

1 

< 2 

3 

Zi(1620)l/2“ 

28±3 

20 30 

0 



62±10 

30 - 60 

2 

Zi(1700)3/2- 

22±4 

10 20 

2 

20±15 

35 - 50 

0 

10±6 

5 - 15 

2 

Zi(1900)l/2- 

7±2 

10 30 

0 



50±20 

2 

Zi(1905)5/2+ 

13±2 

9-15 

3 

33±10 

1 


3 

Zi(1910)l/2+ 

12±3 

15 30 

1 



50±16 

60±28 

1 

Zi(1920)3/2+ 

S±4 

5 - 20 

1 

18±10 

1 

58±14 

3 

Zi(1940)3/2" 

2±1 

0 

46±20 

0 

12±7 

2 

Zi(1950)7/2+ 

46±2 

35 45 

3 

5±4 

20 - 30 

3 


5 



Mass [MeV] 


Fig. 16. Branching ratios for the decays of N* (black) and A* 
(red) resonances into N-k (A), and into Z\(1232)7r with L < J 
(□) and L > J (O). 

and ■^mt>--^^l itt> 

which are called mixed symmetric and mixed antisymmet¬ 
ric, respectively. 

Likewise, isospin and spatial wave functions of defined 
symmetry can be constructed. In the nucleon ground state, 
e.g., the spin and the isospin wave functions are both of 
mixed symmetry, the combination (II Pali leads to a fully 
symmetric spin-flavor wave function. The A(1232) reso¬ 
nance is the ground state of states with isospin 1 = 3/2 
and has spin S = 3/2. The spin-flavor wave function is 
hence symmetric, see eq. (flObl) . Hence the nucleon and 
Z\(1232) have - as expected for ground states - symmetric 
spatial wave functions: 

Ads(spin)Ads(isospin) -1-AdA(spin)AdA(isospin) (10a) 
iS(spin)iS(isospin). (10b) 

The spatial wave functions of excited baryons are more 
complicated. With the position vectors Xi{i = 1,2,3) of 


quarks which implies a symmetric spin-flavor-spatial wave 
function. Here, we discuss N* and A* resonances, hence 
the flavor wave function reduces to the isospin wave func¬ 
tion. 

A wave function of a three-particle system can be sym¬ 
metric, antisymmetric or of mixed symmetry with respect 
to the exchange of a pair of quarks. The state with max¬ 
imum total spin projection for S = 3/2 can be written 
as I ttt> and is obviously totally symmetric. For total 
intrinsic spin S' = 1/2 one has, again for maximal spin 
projection, the states 

+vl' 


Table 4. The six combinations to form totally symmetric 
spatial-spin-flavor wave functions. The color wave function 
guarantees the overall antisymmetry of the total wave func¬ 
tions. 

S space spin isospin 

Si SSS 

Sa S{MsMs + MaMa) 

53 {MsMs + MaMa)S 

54 {MaMa — MsMs)Ms-\-{MsMa~\-MaMs)Ma 

Ss {MsSMs + MaSMa) 

Sq A{MaMs-MsMa) 
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the three particles and after separation of the center-of- 
mass motion, the baryon excitations can be described by 
two oscillators, with coordinates which are conventionally 
called p, A: 


p= -^(xi-xs) 

X = ^ {xi + X 2 - 2 x 3 ) 

V 6 


( ll a) 

( ll b) 


where (lllal) is antisymmetric and (lllbp symmetric with 
respect to exchange of particle 1 and 2. The wave functions 
can be calculated for a harmonic oscillator (h.o.) poten¬ 
tial. The h.o. wave functions for a given orbital angular 
momentum L 


^ (Pi ^rip tp nx f-x 

np,lp,nx,t.x 



Ip {P) ^ 4‘nx lx 



( 12 ) 


depend on the vibrational and rotational quantum num¬ 
bers of the two oscillators. By appropriate linear combina¬ 
tions of the functions states of definite permutational 
symmetry can be constructed. The separation of the spin 
and orbital-angular-momentum is a non-relativistic con¬ 
cept; in general the spatial wave function of a baryon res¬ 
onance needs to be written as a sum of h.o. wave functions. 
For the present discussion it is, however, sufficient to con¬ 
sider a non-relativistic approximation. This may look like 
too crude. However, the full N* and A* mass spectrum can 
be reproduced rather well with a surprisingly simple mass 
formula using just three free parameters: the nucleon and 
Z\(1232) masses and the string tension [671168] . Explicit 
spin-orbit interactions are not part of the formula, and 
that is the reason why spin and orbital angular momenta 
can be assigned to most N* and A* resonances. 

The first negative-parity excitations have components 
in their harmonic-oscillator wave function of the form 


Ms = 
Ma = 


<(’ 0 s(/ 7 ) X 0 op(A) 
0op((^ X </’os(A) 


(L=l) 


1 (i=l) 


(13a) 

(13b) 


In A states with S = 1/2, the spin-spatial wave func¬ 
tion is combined as 


Ads(spin)AIs(space) -I-AdA(spin)AdA(space) (14) 

to give a symmetric spin-spatial wave function; the sym¬ 
metric 7 = 3/2 isospin wave function then guarantees the 
correct overall symmetry (see S 3 in Table S]). There is 
no symmetric spatial wave function with L = 1, hence 
L = 1, S' = 3/2 is forbidden for A states with their sym¬ 
metric isospin wave function. 

For nucleons with L = 1, states with S = 1/2 and 
S = 3/2 are both allowed. They use the same oscillator 
wave functions (1131) but in different combinations (S 4 and 
S 5 in Table |4|). In all cases, the orbital wave functions 
do not correspond to a definite excitation of the p or A 
coordinate, and this can be viewed as oscillation of the 


excitation energy from the p oscillator to the A oscillator 
and back. It is helpful to look at the motion of the three 
quarks in a classical picture: either the two quarks in the 
p oscillator rotate around the third quark which is frozen 
at the center or - in the A oscillator - two quarks at one 
end and the third quark at the other end rotate around 
their common center of gravity. 

The five N* and two A* resonances with negative par¬ 
ity expected in the quark model can be identified with the 
seven lowest-mass negative-parity nucleon and A* reso¬ 
nances: 

iV(1650)l/2- iV(1700)3/2- Ar(1675)5/2- 

Ar(1535)l/2- iV(1520)3/2- 

Z\(1620)l/2- Z\(1700)3/2- A 

These resonances are often assigned to the first ex¬ 
citation shell. Resonances with one unit in a vibrational 
excitation quantum number Up or n\ and resonances with 
Ip + l\ = 2 belong to the second excitation shell. Res¬ 
onances with (np,n\) = ( 1 , 0 ) or ( 0 , 1 ) have symmetric 
spatial wave functions and their spin-flavor wave function 
is the same as that of their respective ground states, see 
Eq. (ini). Obvious candidates are 

A(1440)l/2+ Z\(1600)3/2+ B 

These all correspond to single-mode excitations. Mix¬ 
ing with other configurations may occur, but their contri¬ 
butions to the wave function are expected (and calculated) 
to be small. 

Resonances with wave functions of various symmetries 
can be formed when Ip + l\ = 2. The simplest case is a 
fully symmetric wave function: 


5 = -^{ (/os(p) X (/od(A) -f (/od(p) X (/os(A) 


(15) 

As in the first shell, both oscillators are coherently excited; 
the oscillation energy fluctuates from p to A and back to 
the p oscillator. We call these excitations single-mode exci¬ 
tations. The spin-flavor wave function must be symmetric 
and adopts the form given in eq. m- Nucleon resonances 
belonging to this category must hence have spin S' = 1/2 
and A states must have S = 3/2 (S 2 and Si, respectively, 
in Table S]) : 


A(1910)l/2+ Z\(1920)3/2+ Z\(1905)5/2+ Z\(1950)7/2+ 

lV(1720)3/2+ A(1680)5/2+ C 


A total orbital angular momentum L = 2 can also be 
constructed by spatial wave functions of mixed symmetry, 
see S 3 to S 5 in Table IH These are: 


AI 5 = X 0od(A)j — |^<;()od(^ X (;/)os(A)j 

r ^-i(L= 2 ) (16a) 

Ma = X 0op(A)J . (16b) 


The wave function M.s represents a single excitations 
single-mode excitations, while the part Ma describes a 
component in which both, the p and the A oscillator, are 
excited independently. The component represents a two¬ 
mode excitation. 
















18 


The CBELSA/TAPS Collaboration: High statistics study of the reaction yp ^ p 2 tv^ 


S3 and Si both have mixed-symmetry spin wave func¬ 
tions, in S3 the isospin is symmetric and in S'4 it is of mixed 
symmetry. Hence we expect a doublet of N* and A* reso¬ 
nances with = 3/2+ and 5/2+. These predicted states 
have not been reported, they are missing resonances; the 
A^(1975)3/2+ listed in the TablelHlof additional resonances 
might be one of these missing resonances. The S5 config¬ 
uration corresponds to N* resonances with intrinsic spin 
S = 3/2. Hence a quartet of N* resonances is expected 
which we assign to the four positive-parity resonances ob¬ 
served here: 

iV(1880)l/2+ Ar(1900)3/2+ Af(2000)5/2+ A(1990)7/2+ 

D 

These resonances have components in their wave func¬ 
tions which are single-mode and two-mode excitations. 

There is one further symmetry combination, Sq, which 
is completely antisymmetric. In this case, both oscillators 
are excited and carry one unit of orbital angular momen¬ 
tum {Ip = l,l\ = 1 ) which add to a total orbital angular 

momentum {Ip + lx = L) with L = 1. 

A = |^</’op(a) X 0op(A)j (17) 

This orbital wave function requires a fully antisymmetric 
spin-flavor wave function. Hence a spin doublet of positive 
parity resonances with J = 1/2 and J = 3/2 is expected 
which we call iV +2 3 / 2 - Neither of the two expected states 
has ever been identihed. 

Resonances in the third shell of the harmonic oscillator 
all have wave functions with a component in which both 
oscillators are excited. We list those coupling to L = 3. 

5 = [0Os(^ X 0o/(^)] ^ X 0Op(A)] ' 

(18a) 

A =X 0od(A)j X <>os(A)]'■ ^ 

(18b) 

Xs = [<(>0s(^ X 0o/(A)] ^ '-b [0od(^ X 0op(A)j' ' 

(18c) 

Ata = [0Op(^ X 0od(A)]' ' + Y^ ^ ^ 

(18d) 

From the mixed-symmetry components, a N* quartet 
(with = 3/2“,-•• ,9/2“) and a N* and a A* dou¬ 
blet (with J+ = ^I2~,712~) can be constructed. Three 
candidates, 

lV(2120)3/2- Af(2060)5/2- Af(2190)7/2-, E 

are observed here, two further candidates - A^(2250)9/2“ 
and Z\(2200)7/2“ - are listed in the Review of Particle 
Properties [50] ■ Three additionally expected states N{xxx) 
5/2“, N{xxx)7/2~, and A{xxx)5/2~ are missing. 

Finally we consider the higher-mass negative-parity 
resonances 

Af(1895)l/2- iV(1875)3/2- F 

zi(1900)l/2- Z\(1940)3/2- Z\(1930)5/2- 


(the latter resonance is not seen here). The three A* res¬ 
onances can be interpreted as a triplet (degenerate spin 
quartet), with L = 1, S' = 3/2. Since spin and isospin 
wave functions are symmetric, the spatial wave function 
must be symmetric, too. This is possible only when the 
resonances are radially excited in addition. The three A* 
resonances should be accompanied by a spin doublet of 
N* resonances, with a symmetric spatial wave function 
as well, which we identify with the two N*’s listed under 
F. A symmetric spatial wave function with odd parity is 
represented by 

5 = i ^4>os{^ x <(>ip(A)] ^ [<^od(^ X ((>op(A)] ^ 

- [<(>is(^ X <(>op(A)]^ ^ 

The iV(1710)l/2+ resonance is often interpreted as the 
mixed-symmetry partner of the A^(1440)l/2+ (Roper) res¬ 
onance . Then it has components in the wave function in 
which the p or the A oscillator carries one unit of the vibra¬ 
tional quantum numbers but also a component in which 
both oscillators carry one unit of orbital angular momen¬ 
tum. The assignment of A^(2100)l/2+ is not clear. In any 
case, these two resonances 

A^(I7I0)I/2+ Af(2I00)I/2+ G 

have wave functions with single and with two-mode exci¬ 
tations. 


6.2 Evidence for two-mode excitations 

We now try to deduce the existence of the component with 
both oscillators excited from the measured branching ra¬ 
tios. The branching ratios are listed in Table [5l This Table 
includes branching ratios of decay modes into A^(1535)7r 
derived from the reaction jp —>■ pn^r] [5] (where A^(1535) 
decayed into Nr]) which help in the following discussion. 
The uncertainties were defined from the variance of re¬ 
sults using different fit assumptions. Forbidden decays are 
marked by an x; in many cases, the fits converge to a zero, 
then a - symbol is entered. We note that the resonances 
A-C have wave functions with single-mode excitations, 
those listed under D-G have wave functions with two¬ 
mode excitations. The branching ratios of resonances A 
and C are listed in the first two blocks in Table [5j those 
of the resonances D-G in the other four blocks. 

We now ask if single-mode and two-mode excitations 
lead to different decay patterns. We assume (and test this 
idea) that the component (I16bl) in resonances carrying a 
two-mode excitation has at most a small probability to 
decay into Ntt or /l(1232)7r (nor to Nui, A{1232)ri, UK, 
etc.). We assume instead that this component leads to an 
increased probability for decays in which the final-state 
baryon or the outgoing meson is itself excited. 

Figure [1^] shows that one cannot expect to test this 
idea on individual branching ratios. There is also no model 
which reproduces the branching ratios for decays into Att 
and A(1232)7r and which could provide a guide. But we 
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Table 5. Branching ratios (in %) for decays of nucleon and A* resonances. For A^(1710)l/2^ and A^(1990)7/2^, two alternative 
solutions are given in separate lines. Otherwise, the spread of results from different solutions is used to estimate the uncertainties. 
77(1535)7r decay modes from [9] - which are used in the discussion - are listed as well, x signifies forbidden transitions, empty 
slots indicate that no second orbital angular momentum contributes. Entries marked - were fitted to small values and set to 
zero to avoid an excessive number of free parameters. The intermediate resonances on the right side of the double line carry 
orbital excitations. 



Ntt 

L 

Att 

L<J 

Att 

L>J 

A^(1440)7r 

L 

Af(1520)Tr 

L 

Af(1535)7r 

L 

Af(1680)ii- 

L 

Na 

L 

Af(1535)l/2“ 

52±5 

0 

X 


2.5±1.5 

2 

12±8 

0 

- 

1 

- 

1 

- 

2 

6±4 

1 

Af(1520)3/2- 

61±2 

2 

19±4 

0 

9±2 

2 

<1 

2 

- 

1 

- 

1 

- 

2 

< 2 

1 

Af(1650)l/2- 

51±4 

0 

X 


12±6 

2 

16±10 

0 

- 

1 

- 

1 

- 

2 

10±8 

1 

Af(1700)3/2~ 

15±6 

2 

65±15 

0 

9±5 

2 

7±4 

2 

<4 

1 

<1 

1 

- 

2 

8±6 

1 

Af(1675)5/2" 

41±2 

2 

30±7 

2 

- 

4 

- 

2 

- 

1 

- 

3 

- 

0 

5±2 

3 

Zi(1620)l/2“ 

28±3 

0 

X 


62±10 

2 

6±3 

0 

- 

1 

- 

1 

- 

2 

X 


Zi(1700)3/2“ 

22±4 

2 

20±15 

0 

10±6 

2 

<1 

2 

3±2 

1 

<1 

1 

- 

2 

X 


A''(1720)3/2+ 

11±4 

1 

62±15 

1 

6±6 

3 

<2 

1 

3±2 

0 

<2 

2 

- 

1 

8±6 

2 

Af(1680)5/2+ 

62±4 

3 

7±3 

1 

10±3 

3 

- 

3 

<1 

2 

- 

2 

- 

1 

14±5 

2 

Zi(1910)l/2+ 

12±3 

1 

X 


50±16 

1 

6±3 

1 

- 

0 

5±3 

2 

- 

3 

X 


Zi(1920)3/2+ 

8±4 

1 

18±10 

1 

58±14 

3 

< 4 

1 

< 5 

0 

< 2 

2 

- 

1 

X 


/l(1905)5/2+ 

13±2 

3 

33±10 

1 

- 

3 

- 

3 

- 

2 

< 1 

2 

10±5 

1 

X 


Zi(1950)7/2+ 

46±2 

3 

5±4 

3 

- 

5 

- 

3 

- 

2 

- 

4 

6±3 

1 

X 


A''(1880)l/2+ 

6±3 

1 

X 


30±12 

1 

- 

1 

- 

2 

8±4 

0 

- 

3 

25±15 

0 

Af(1900)3/2+ 

3±2 

1 

17±8 

1 

33±12 

3 

<2 

1 

15±8 

0 

7±3 

2 

- 

1 

4±3 

2 

Af(2000)5/2+ 

8±4 

3 

22±10 

1 

34±15 

3 

- 

1 

21±10 

2 

- 

2 

16±9 

1 

10±5 

2 

Af(1990)7/2+ 

1.5±0.5 

3 

48±10 

3 

- 

5 

<2 

1 

<2 

1 

<2 

4 

- 

1 

- 

4 

Af(1990)7/2+ 

2±1 

3 

16±6 

3 

- 

5 

<2 

1 

<2 

1 

<2 

4 

- 

1 


4 

Af(1895)l/2“ 

2.5±1.5 

0 

X 


7±4 

2 

8±8 

0 

- 

1 

- 

1 

- 

2 

18±15 

1 

Af(1875)3/2- 

4±2 

2 

14±7 

0 

7±5 

2 

5±3 

2 

< 2 

1 

<1 

1 

- 

2 

45±15 

1 

Zi(1900)l/2" 

7±2 

0 

X 


50±20 

2 

20±12 

0 

6±4 

1 

- 

1 

- 

2 

X 


Zi(1940)3/2- 

2±1 

0 

46±20 

0 

12±7 

2 

7±7 

2 

4±3 

1 

8±6 

1 

- 

2 

X 


A''(2120)3/2“ 

5±3 

2 

50±20 

0 

20±12 

2 

lOilO 

2 

15±10 

1 

15±8 

1 

- 

2 

11±4 

1 

Af(2060)5/2“ 

11±2 

2 

7±3 

2 

- 

4 

9±5 

2 

15±6 

1 

- 

3 

15±7 

0 

6±3 

3 

Af(2190)7/2” 

16±2 

4 

25±6 

2 

- 

4 

- 

4 

- 

3 

- 

3 

- 

2 

6±3 

3 

A''(1710)l/2+ 

5±3 

1 

X 


7±4 

1 

30±10 

1 

<2 

2 

- 

0 

- 

3 

55±15 

0 

Af(1710)l/2+ 

5±3 

1 

X 


25±10 

1 

<5 

1 

<2 

2 

15±6 

0 

- 

3 

10±5 

0 

A''(2100)l/2+ 

16±5 

1 

X 


10±4 

1 

- 

1 

<2 

2 

30±4 

0 

- 

3 

20±6 

0 


can use statistical arguments. The first two blocks in Ta¬ 
ble [S] lists branching ratios of resonances A and C which 
have a wave function with components in which only one 
oscillator is excited. Their mean branching ratio for de¬ 
cays into Ntt and Zi(1232)7r is about 70% and for de¬ 
cays into states carrying orbital excitation 10%. The other 
blocks in Table [S] list resonances which have additionally a 
type (I16b|) component. Their mean branching ratio for Ntt 
and Z\(1232)7r decays is less than 40% while they decay 
into states carrying orbital excitation with 35% probabil¬ 
ity. These numbers give a first hint that resonances having 
a type (I16b[) component have an increased chance to decay 
into states carrying orbital excitation as one may naively 
expect. 

This comparison could suffer from the fact that the 
masses of the resonances in the first two blocks in Table [S] 
are mostly lower than the masses of the other resonances. 
From Fig.[Tn]we deduce that the mass is not a very impor¬ 
tant quantity when branching ratios are discussed. Never¬ 
theless, we may restrict the discussion to a subset of res¬ 
onances with similar masses and identical quantum num¬ 
bers. These are the four positive-parity nucleon and the 


four positive-parity A resonances in the 1880 to 2000 MeV 
mass region. These resonances can be interpreted as a spin 
quartet with intrinsic orbital angular momentum L = 2 
and quark spin S = 3/2. These four A* resonances have 
a mean sum of Ntt and Z\(1232)7r decay branching ratios 
of 60%. Branching ratios of the four A* resonances into 
states carrying orbital excitation are small and mostly, up¬ 
per limits are given only. On average, the mean branching 
ratio into states carrying orbital excitation of these four 
A* resonances is 8%. If four N* resonances are interpreted 
as quartet with intrinsic orbital angular momentum L = 2 
and quark spin S = 3/2, the mixed-symmetry isospin-1/2 
flavor wave function requires a mixed symmetry orbital 
wave function of type (I16al) and type diebl). The mean 
branching ratio of the four nucleon resonances for decays 
into Ntt and Z\(1232)7r is 47% while the mean branch¬ 
ing ratio into states carrying orbital excitation is 27%. 
Again, resonances with a wave-function component car¬ 
rying a two-mode excitation have a higher probability to 
decay into states carrying orbital excitation. 

The individual branching ratios have large errors bars. 
Hence we fitted the data with two assumptions: i) we 
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Fig. 17. Classical orbits of nucleon excitations with L = 2 (up¬ 
per row) and L = 1 (lower row) (adapted from |12p. In the A 
excitation, the quark and the diquark both rotate around their 
common center of mass. In the p excitation, the two quarks of 
the diquark carry the angular momentum. When both oscilla¬ 
tors are excited, all three quarks rotate around their common 
center of mass (third picture in the upper row). In a transition 
of an excited nucleon in this configuration to L = 1 (lower 
row), either the A or the p oscillator loses its energy and the 
baryon remains excited. 


forbade decays of the four Z\*’s into states carrying or¬ 
bital excitation. This has little effect on the fit and the 
pseudo-x^ (see eqn. [5]) deteriorated by 692 units. If these 
decay modes were forbidden for the four N* resonances, 
the change in pseudo-x^ became 3880 units, and the fit 
quality deteriorated visibly. Since the pseudo-x^ is derived 
from a likelihood function, the absolute x^ value is mean¬ 
ingless but it is clear that forbidding decays into states 
carrying orbital excitation has a much larger effect for the 
four positive-parity N* resonances than for the four /l*’s. 

At the end, we visualize these observations in a semi- 
classical picture. Figure[T7] (adapted from [T2]) shows clas¬ 
sical orbits of a three-particle system. In the first subfig¬ 
ure, the A-oscillator is excited and carries two units of an¬ 
gular momentum while the p-oscillator diquark remains 
in its ground state. Of course, there is no linear oscilla¬ 
tion, instead - due to the orbital angular momentum - the 
single quark and the diquark rotate around their common 
center of gravity. In the second subfigure, the p-oscillator 
is excited and the two quarks of the diquark rotate around 
their common center of gravity while the A-oscillator car¬ 
ries no excitation. In the third subfigure, both oscillators 
are excited, each of them carries one unit of angular mo¬ 
mentum, and the three quarks rotate in a Mercedes-star 
configuration. The latter twofold excitation cannot de- 
excite into the ground state; instead it de-excites by a 
change of angular momentum by one unit into one of the 
configurations shown in the lower subfigures with p or A 
carrying one unit of angular momentum. 

In this semi-classical picture we expect an interme¬ 
diate state carrying one unit of internal orbital angular 
momentum, like iV(1520)3/2“ or AI(1535)l/2“. Decays 
of resonances into Na are also included in this discussion 
(the a = /o(500) stands for the tttt S-wave). Here we sup¬ 


pose that in the decay a qq is created, the antiquark picks 
up a quark from one of the oscillators and the escaping qq 
pair carries away the angular momentum of the baryonic 
oscillator. 

The list of states carrying orbital excitation (on the 
right side of the double line in Table El) includes further 
states, A^(1440)l/2+ and A^(1680)5/2+, even though they 
do not correspond to the picture we just have developed. 
In the case of Al(I440)I/2+7r, the mode of both oscillators 
is changed in one transition; in the A^(1680)5/2+7r case, 
the orbital angular momentum is increased. We interpret 
this as a kind of Auger process. In atomic physics, an 
unoccupied inner energy level, e.g. a K shell, can be filled 
by a transition of an electron orbiting in the L shell and, in 
the same step, a second electron in another L shell can be 
ejected (KLL electron). In the type (I16b|) component, both 
oscillators carry one unit of orbital angular momentum. 
Due to the compact size and the range of the interaction, 
the overlap of the wave functions of the two oscillators will 
be large [55] . We thus assume that one oscillator de-excites 
into its ground states and the second oscillator receives a 
kick to the Al(1440)l/2+ or Al(1680)5/2+ intermediate 
state. 


7 Summary 

We have reported a study of the reaction jp —>■ p27r° 
with unpolarized and with linearly polarized photons. The 
p7r°7r° Dalitz plots reveal clear evidence for the isobars 
A(1232)7r, Al(1520)3/2-7r, and Ar(1680)5/2+7r. Produc¬ 
tion of Nfo(980) is clearly seen in the tttt invariant mass 
distribution, and there is evidence for AI/2(1270). The par¬ 
tial wave analysis identifies AI/o(500) and Al(1440)l/2+7r 
in addition. These intermediate states are mostly pro¬ 
duced in the decay of high-mass resonances while t— and 
u—channel exchange and direct production of the three- 
body final state contribute little to the reaction. Thus a 
large number of branching ratios of nucleon and A res¬ 
onances for decays via several intermediate states 

is reported, in particular via A(1232)7r, A^(1520)3/2“7r, 
Ar(1680)5/2+7r, Ar(1440)l/2+7r, and Nfo{500). A^/o(980) 
and A^/2(1270) are also observed to stem from the decay 
of high-mass resonances even though their assignment to 
specific resonances suffers from ambiguities. 

A large number of resonances decay into Z\(1232)7r. 
The masses of the decaying resonances vary from 1440 MeV 
to 2190 MeV. Orbital angular momenta up to L = 4 are in¬ 
volved in the process, conservation of parity and of orbital 
angular momentum leads to selection rules. In many cases, 
resonances can decay into Z\(1232)7r by two different an¬ 
gular momenta. Surprisingly, there seems to be no relation 
between the observed frequency of a decay and the linear 
momentum or orbital angular momentum involved. High 
momenta are not preferred and higher orbital angular mo¬ 
menta (up to A = 3) seem not to be much suppressed. 

Particularly interesting is the observation that the sym¬ 
metry properties of the wave functions of resonances have 
a significant impact on the decay modes. The data were 
compatible with the following conjecture: i) Resonances 
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having a component in their quark-model wave function 
with both oscillators excited have a significant branching 
ratio for decays via a decay chain - with an intermediate 
resonance carrying orbital-angular-momentum or vibra¬ 
tional excitation - over direct Ntt or 2i(1232)7r decays, ii) 
Resonances in which only one oscillator is excited have, in 
contrast to i), a much reduced chance to decay into an in¬ 
termediate resonance carrying orbital angular momentum 
or vibrational excitation. This observation implies that the 
high-mass resonances must have a three-particle compo¬ 
nent in their wave functions. The observation is important 
as it excludes an interpretation of baryon resonances as 
q-qq excitations where the diquark remains in a relative 
5'-wave. The quark-diquark picture of baryons is attrac¬ 
tive since it offers an “explanation” of the small number 
of observed resonances, a fact known as missing-resonance 
problem. 

This interpretation sheds new light on the existence 
and observability of resonances with only wave function 
components in which always both oscillators are excited 
(see eq. [T7]). In the nucleon sector, a doublet of positive 
parity resonances with J = 1/2 and J = 3/2 is expected 
which in SU( 6 ) belongs to a 20-plet. According to the 
discussion of branching ratios and wave functions we ex¬ 
pect that iV*’s belonging to this doublet do not decay in 
a single-step transition. Hence we assume that the non¬ 
observation of these two expected resonances is caused 
by the impossibility to excite both oscillators in a single 
step. Possibly, these two resonances can be found in decay 
chains where a high-mass resonance N* is excited which 
decays in a triple cascade via 

N* —>■ Ny2 3/2'^ Af(1520)7r7r —>■ Nirmr. (20) 

The test of this idea is a challenge for future analyses. 

A further important result of this analysis is that the 
data strengthen the case for the existence of iV(1900)3/2+, 
a resonance discovered by D. M. Manley, R. A. Arndt, 
Y. Goradia, and V. L. Teplitz [1] in a study of ttN —>■ Ntttt 
and not seen in elastic ttN scattering, neither by Hbhler 
or Cutkosky and their collaborators [zniizi] nor by Arndt 
and collaborators using a much larger data sample m- 
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A Properties of N* and Z\* resonances 

Table 0 lists the properties of the resonances used in the 
analysis and their PDG star rating. Additional confidence 
is represented by a *. The uncertainties were derived from 
the spread of results from 12 up to 32 fits in which the 
number of resonances and the admitted decay modes were 
varied. Decay modes of resonances which led to very small 
contributions were set to zero to reduce the number of free 


Table 6. List of additional resonances used in the fit with 
no entries in Table [T] The existence of these resonances is poor 
(one-star in PDG) or uncertain in our analysis; their properties 
are not well defined. 


Name 

mass 

width 

Name 

mass 

width 

A(1975)3/2+ 

1880 

550 

77(2450)3/2+ 

2450 

400 

A(1860)5/2+ 

1830 

280 

A(2500)7/2+ 

2550 

450 

Z\(2100)l/2+ 

2100 

400 




Z\(2100)3/2+ 

2050 

560 

A(2100)3/2- 

2070 

700 


parameters. A definition of the quantities listed in the Ta¬ 
ble are given in Here we recall that the helicity am¬ 
plitudes (photo-couplings in the helicity basis) 

are complex numbers. They become real and agree with 
the conventional helicity amplitudes if a Breit- 

Wigner amplitude with constant width is used. Similarly, 
the elastic residues and the residues of the transition am¬ 
plitudes turn into /Vtt/S (where / vr^n- is the elastic width), 
and to the channel coupling y/TiTf / Aot ■ 

In addition to the resonances quoted in Tabled a few 
more resonances were introduced which are listed in Ta¬ 
ble [6] These resonances helped to achieve good conver¬ 
gence of the fit even though their masses could be changed 
in a large interval. We do not claim their existence and do 
not quote properties. Masses and widths in Table [6] are 
just the values used in the final fit. 

In our previous analysis [3B], two alternative classes 
of solutions were found. In the first class of solution the 
resonant part of the amplitude at 1.87 GeV was dominated 
by the I{J^) = 3/2 (3/2“) partial wave and particularly 
by production of Z\(1700)3/2“. In the second solution the 
contribution from the I{J^) = 3/2(3/2“) partial wave 
was found to be much smaller and showed a rather fiat 
energy dependence. In both classes of solutions there is a 
destructive interference of the resonant (K-matrix) part 
and t- and u-channel exchange amplitudes in the = 

3/2 (3/2“) partial wave. Resonances decay into different 
charge states according to isotopic relations; this is not 
true for for t- and it-channel exchange amplitudes. In |29) . 
isotopic relation were applied to the resonant and non¬ 
resonant part of the amplitudes derived in |36] . and it 
was claimed that the amplitudes in |36] are inconsistent 
with their data. However, this critique was based on the 
(wrong) assumption that isotopic relations can be applied 
to the full amplitude. 

The new polarization data provide important informa¬ 
tion on the partial wave contributions also in the low-mass 
region. A small adjustment of the fit parameters was suf¬ 
ficient to get a good description of the data when starting 
from a solution of the second class. In contrast, solutions 
from the first class started with a bad and the fit 
showed no proper convergence. Thus we now have only one 
class of solutions with a relatively small and fiat contri¬ 
bution from the resonant part of the I{J^) = 3/2 (3/2“) 
partial wave to the total cross section below VE = 1.7 GeV 
(see Fig. [31 right). 
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Table 7. Properties of N* and A* resonances from the BnGa multichannel partial wave analysis. Along with the name of 
the resonance, the star rating of the Particle Data Group [SO] is given. Suggested upgrades are marked by a *. The helicity 
couplings Ai/ 2 , 3/2 are given in GeV“ 2 . The electromagnetic transition amplitudes yp, are defined as elements of 

the transition matrix and dimensionless. tvN —>■ ttN stands for the elastic pole residue, 2 {-kN — >■ X)/r for inelastic pole residues. 
They are normalized by a factor 2/r with F — Tpoie. The phase of small complex numbers is often undefined (not def.). 


JV(1440)l/2 + 




JV(1520)3/2“ 




A^( 1440) 1/2+ pole parameters 


Aipole 


1369±3 

P pole 

189±5 

^ 1/2 


-(0.044±0.005) 

Phase: 

-(40±8)° 

V(1440)l/2‘^ transition residues 


phase 

ttN ttN 


49±3 (MeV) 

-(82±5)° 

2 {ttN -! 

■ 4(1232) 

^)/r 

0.27±0.02 

(38±5)° 

2 (ttN -) 

■ Na)/r 


0.21±0.04 

-(136±4/ 


4(1232)' 

TT M\ — 

-5.1±1.0 10“^ 

(39±8)° 


N<7 


4±1.0 10“^ 

(45±10)° 

V(1440)l/2'*' Breit-Wigner parameters 


Mbw 


1430±10 

Pbw 

360±30 

Br(7rV) 


63±2% 



Br(Zi(1232)7r) 

20±7% 

B-[(Na) 

17±6% 

4 I /2 

^BW 


-0.061±0.006 






JV(1535)l/2“ 





1V( 1535) 1/2 pole parameters 


Al(1520)3/2 pole parameters 


Mpoie 

1507±2 

E pole 

111±3 

^ 1/2 

-0.023±0.004 

Phase 

-(6±5)“ 

^ 3/2 

0.131±0.006 

Phase 

(4±4)° 

V(1520)3/2 transition residues 


phase 

ttN 

-nN 

36±2 (MeV) 

-(14±3)“ 

2 {-kN 

-> 4(1232)7ri,=o)/r 

0.33±0.04 

(155±15)° 

2 {-kN 

-!■ 4(1232)7ri,=2)/r 

0.25±0.03 

(105±18)° 

2 {ttN 

->■ Na)/r 

0.08±0.03 

-(45±25)“ 

IP^ 

-)■ 4(1232)7ri,=o 

2.2±0.3 10“^ 

-(24±15)° 

ryp^ 

-)■ 4(1232)7ri,=2 

1.7±0.3 10“^ 

-(72±18)° 

IP^ 

—Na 

0.5±0.2 10“^ 

(130±25)° 

^p3/2 

-)■ 4(1232)7ri,=o 

12.6±2.0 10“^ 

(165±20)° 

^p3/2 

-)■ 4(1232)7ri,=2 

9.7±1.0 10“^ 

(120±20)° 

^p3/2 

—Na 

2.9±0.5 10“^ 

-(35±20)° 

7 P -> 4(1232)ir_L=o E 2 - 

10.0±2.0 10“^ 

-(10±20)° 

7P — )■ A{1232)7tl=2 E 2 - 

7.5±0.8 10“^ 

-(60±20)° 

7 P —)• Nct E 2 — 

2.3±0.5 10“^ 

(145±25)“ 

7P —)■ A{1232)7tl=o M 2 - 

4.7±0.5 10“^ 

-(15±20)“ 

7P — )■ Zi(1232)7r_L=2 M 2 - 

3.6±0.3 10“^ 

-(63±20)“ 

IP 

Na M 2 — 

1.1±0.3 10"^ 

(140±25)° 


Mpoie 


1500±4 

E pole 

128±9 

^1/2 

0.114±0.008 

Phase: 

(10±5)° 

V(1535)l/2 transition residues 


phase 

TriV — )• 7tN 


29±4 (MeV) 

-(20±10)“ 

2 {ttN -! 

• 4(1232)7r)/r 


0.11±0.02 

(160±20)° 

2 {ttN -! 

• Na)/r 


0.16±0.07 

(25±40)° 

2 {ttN -! 

• Ar(1440)7r)/r 


0.21±0.14 

-(45±50)° 

7pT2 ^ 

4(1232)77 

Eo+ 

4.1±1.2 10“^ 

-(2±25)° 

7pT2 ^ 

Na 

Eq-\. 

7.0±3.5 10“^ 

-(145±45)° 

7P^/^ ^ 

V(1440)77 

EoAf. 

10±7 10“^ 

not def. 

V( 1535) 1/2 Breit-Wigner parameters 


Mbw 


1517±4 

Ebw 

120±10 

Bv(7tN) 


52±5% 

Br(4(1232)7r) 

2.5±1.5% 

Br(Na) 


6±4% 

Br(Ar(1440)7r) 

12±8% 


4 I /2 


0.101±0.007 


JV(1650)l/2" 


Ar(1650)l/2” 


^pole 

^1/2 


pole parameters 
1652±7 
0.032±0.006 
77(1650)1/2“ transition residues 
■nN —)■ ttN 

2 {irN Zi(1232)7r)/r 

2 {ttN Na)/r 
2 (ttN -)■ Ar(1440)7r)/r 


^pole. 

Phase: 

27±6 (MeV) 
0.19±0.06 
0.20±0.15 
0.30±0.17 


102±8 
-( 2 ± 11 )“ 
phase 
-(60±20)° 
-(30±20)° 
not def. 
not def. 


A^(1520)3/2 Breit-Wigner parameters 
Mbw 1516i2 rBW 

Br(7rA^) 61ih2% Br{Ncr) 

Br(zi(1232)7ri/=o) 19ili4% Br(zi(1232)7rL=2) 

-0.024±0.004 


iV(1680)5/2'^ 


A^(1680)5/2'^ pole parameters 
Mpoie 1678±5 

-0.013ih0.003 
0.135±0.005 

Ar(1680)5/2’^ transition residues 
t:N —>• -kN 

2 (ttAT -)■ zi(1232)7ri/ = i)/r 

Zi(1232)7ri,=3)/r 

Na)/r 
A{12Z2)ttl=i 

/l(1232)7ri,=3 
Na 

A(1232)TrL=i 
A{1232)-kl=3 
Na 

A{1232)TrL = l S3- 

Zi(1232)7ri=3 E3_ 

Na N 3 — 

A{1232)TrL = i Ms- 


2 {-kN ■ 

2 {-kN ■ 

1/2 _ 

1/2 _ 


IP 

~1P 

IP 

IP 

IP 

IP 

IP 

IP 

IP 

IP 


1/2 

3/2 

3/2 

3/2 


^pole 

Phase: 

Phase: 

45±4 (MeV) 
0.15±0.03 
0.23±0.04 
0.29±0.06 
0.50±0.15 10 
0.90±0.20 10 
1.0±0.3 10“^ 
5.3±1.0 10“^ 
9.1±1.2 10“^ 
10.3±1.5 10“^ 
2.4±0.5 10“^ 
4.0±0.6 10“^ 
4.6±0.8 10“^ 
1.4±0.4 10“^ 


-3 

-3 


113±4 

< 2 % 

9±2% 

0.130±0.006 


113±4 

-(20±17)“ 

(1±3)° 

phase 

(5±10)° 

-(60±30)° 

(90±12)“ 

-(45±15)“ 

(95±40)“ 

-(110±30)“ 

(115±30)“ 

-(60±30)° 

(90±15)° 

-(45±15)° 

(120±35)° 

-(90±15)° 

(135±15)° 

(115±30)° 


jp^/2 _ 

^pl /2 _ 

-ypl /2 _ 

7 4 ( 1232)77 

7 Na 

7 V(1440)77 

75o+ 

7^0+ 

7^0+ 

1.8±0.8 10“^ 
2.4±1.6 10“^ 
4.3±2.0 10“^ 

(170±45)° 
not def.° 

not def. 

7P 4(1232)77i=3 

7 P —¥ Na 

Ms- 

Ms- 

2.4±0.4 10“^ 
2.8±0.6 10“^ 

-(92±15)° 

(130±14)° 

V( 1650) 1/2 Breit-Wigner parameters 


V(1680)5/2"^ Breit-Wigner parameters 


Mbw 


1654±6 

Ebw 

102±8 

Mbw 

1690±5 

Ebw 

119±4 

Br(7rV) 

51 ±4% 

Br(4(1232)77) 

12±6% 

Bt{7tN) 

62±4% 

Br{Na) 

14±5% 

Br(Arcr) 

1 

10±8% 

Br(iV(1440)77) 

16±10% 

Br(4(1232)77i, = i) 

7±3% 

Br(A(1232.)TTL=s) 

10±3% 

^BW 

0.032±0.006 



4 I /2 

^BW 

-0.015±0.002 

43/2 

^BW 

0.136±0.005 
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Table 0 continued. 


JV(1675)5/2“ 


A^(1675)5/2 pole parameters 


^pole 

1655±4 

^pole 

^1/2 

0.022±0.003 

Phase 

^3/2 

0.028±0.006 

Phase 

Ar(1675)5/2 transition residues 


ttN —¥ ttN 


28±1 (MeV) 

2 (irAf -)■ Zi(1232)7r)/r 


0.33±0.04 

2 {ttN Na)/r 


0.13±0.03 

-> z4(1232)'n- 


3.2±0.8 10“' 

N<7 


1.3±0.5 10“' 

-> z4(1232)'n- 


4.0±1.0 10“' 

—>■ N (7 


1.6±0.6 10“' 

7 P -t Zi(1232)7r 

E 2 + 

0.2±0.2 10“' 

7 P —^Ncr 

E 2 + 

O.liO.l 10“' 

7 P -t Zi(1232)7r 

M 2 + 

2.9±0.7 10“ = 

7P —^Ncr 

M 2 + 

1.2±0.4 10“' 


-/V(1675)5/2 Breit-Wigner parameters 


Mbw 

1663±4 

I^BW 

Br(7rA^) 

41±2% 

Br{N<T) 

Br(Zi(1232)7r) 

30±7% 


4 I /2 

^BW 

0.022±0.003 

43/2 

■^BW 


JV(1700)3/2“ 


147±5 
-(12±7)° 
-(17±6)° 
phase 
-(24±4)° 
(90±15)° 
(125±20)° 
(90±25)° 
(123±22)° 
(87±26)° 
(115±25)° 
not def. 
not def. 
-(90±25)° 
-(60±25)° 


Ar(1710)l/2+ 


A^(1710)l/2'^ pole parameters 


^pole 

1690±15 

Bpole 

^1/2 (1) 

0.055±0.006 

Phase: 

^1/2 (2) 

0.049±0.008 

Phase: 

A^(1710)l/2’^ transition residues 


ttN —¥ ttN 


6±3 (MeV) 

2 (ttAT 

Zl(1232)7r)/r(i) 


0.09±0.04 

2 (ttN ->■ 

Na)/r^^^ 


0.45±0.10 

2 (ttAT ->■ 

A{1232)Tr)/r<-^'> 


0.15±0.07 

2 (ttAT -> 

Aro-)/r(^> 


0.15±0.05 

7pi/2(i) 

^ 23(1232)77 

Mi„ 

6±3 10“=* 

7pi/2(i) 

^ Na 

Mi„ 

29±12 10“=* 

7pi/2(2) 

-!■ Zi(1232)7r 

Mi_ 

-10±6 10“=* 

7pl/2(2) 

-t N<7 

Mi_ 

-10±5 10“=* 




170±20 

-( 10 ± 20 )° 

-(50±30)° 

phase 

(130±35)° 

(25±20)° 

(15±20)° 

-(70±30)° 

-(45±25)° 

-(60±20)° 

-(70±30)° 

-(20±35)° 

(10±35)° 


146±6 

A/'(1710)l/2’^ Breit-Wigner parameters 


5±2% 

Mbw 

Br('7rA^) 

1715±20 

5±3% 

r'Bw 

175±15 

0.027±0.006 

Br(Zi(1232)7ri*i) 

7±4% 

Br(Zl(1232)7r(^i) 

25±10% 


Br(Aro-i*i) 

4 I /2 

^BW 

55±15% 

O.OSOiO.OlO 

Br(Af(Ti=*i) 

10±5% 


A^(1700)3/2 pole parameters 



Mpole 

1780±35 

Epole 

420±140 

0.047±0.016 

Phase 

(75±30)° 

T=*/=* -(0 041±0.014) 

Phase 

(0±20)° 

A^(1700)3/2~ transition residues 


phase 

■kN tzN 


60±30 (MeV) 

-(115±30)° 

2 {ttN -)■ 23(1232)77i,=o)/7’ 


0.33±0.10 

-(70±25)° 

2 ( 77 Af -)■ 23(1232)77i,=2)/r 


O.lOiO.06 

(75±30)° 

2 ( 77 Af -> Na)/r 


0.13±0.08 

-(100±35)° 

2 ( 77 Af -> Ar(1440)77)/r 


0.13±0.05 

(40±35)° 

2 ( 77 Af -> Ar(1520)77i:,=i)/r 


0.07±0.03 

(160±45)° 

7pi/2 ^ zi(l232)77i=o 


16±8 10“=* 

(60±40)° 

7pl/2 ^ Zi(1232)77i = 2 


6.3±3.5 10“=* 

-(145±35)° 

7P^/^ — )■ N<7 


6±4 10“=* 

(20±40)° 

7P^^^ —)■ A^(1440)7r 


5.4±2.5 10“=* 

(170±45)° 

7P*-/=* A7(1520)77 


2.6±1.5 10“=* 

-(70±50)° 

7p3/2 ^ 2i(1232)77i = o 


14±6 10“=* 

(170±25)° 

7p3/2 Zi(1232)77I, = 2 


5.2±3. 10“=* 

-(45±35)° 

7P^^^ —>■ 


4.9±3. 10“=* 

(130±30)° 

7P=*^=* -> Af(1440)77 


5.5±2.4 10“=* 

-(85±35)° 

7P=*^=* -> Af(1520)77 


2.7±1.5 10“=* 

(25±35)° 

7P —> 23(1232)77i,=o 

E 2 — 

12±4 10“=* 

-(45±35)° 

7P —t Zi(1232)77j:,=2 

E 2 — 

5.2±2.8 10“=* 

(100±25)° 

7 P —¥ Na 

E 2 — 

4.2±2.2 10“=* 

-(80±30)° 

7 P —f A^(1440)7r 

E 2 — 

4.7±2.1 10“=* 

(65±35)° 

7 P —>■ A^(1520)7r 

E 2 — 

2.2±1.0 10“=* 

(175±40)° 

7P —> Zi(1232)77i,=o 

M 2 - 

10±5 10“=* 

(40±35)° 

7P —> Z1(1232)77j:,=2 

M 2 - 

3.8±2.0 10“=* 

-(170±30)° 

7P N a 

M 2 - 

3.6±2.6 10“=* 

(0±30)° 

7 P —A^(1440)7r 

M 2 - 

3.5±2.0 10“=* 

(145±40)° 

7P —A^(1520)7r 

M 2 - 

1.7±1.0 10“=* 

-(110±45)° 

Af(1700)3/2“ Breit-Wigner 

parameters 


Mbw 

1800±35 

Ebw 

400±100 

Br(7rAr) 

15±6% 

Br(A^(T) 

8±6% 

Br(23(1232)7ri,=o) 

65±15% 

Br(Zl(1232)77i=2) 

9±5% 

Br(Af(1440)77) 

7±4% 

Br(V(1520)77) 

<4% 

0.042±0.014 

141 / 2 ( 2 ), 

I^BW 1 

-0.37±0.014 


Ar(1720)3/2+ 


Ar(1720)3/2'^ pole parameters 


M^pole 

1670±25 

Epole 

430±100 

^ 1/2 

0.115±0.045 

Phase 

(0±35)“ 

213/2 

0.140±0.040 

Phase 

(65±35)° 

A^(1720)3/2'^ transition residues 


phase 

-kN -kN 


26±10 (MeV) 

-(100±25)° 

2 (77 Af 

Zi(1232)77i,=i)/r 


0.28±0.09 

(95±30)° 

2 ( 77 AT 

Zi(1232)77i,=3)/r 


0.07±0.05 

not def. 

2 (77 Af 

Na)/r 


0.08±0.04 

-(110±35) 

2 (77 Af ^ 

A/(1520)77)/r 


0.05±0.04 

not def. 

(7P)T^ - 

.7 23(1232)77i,=i 


50±20 10“=* 

(120±40)° 

(7P)T2 - 

e- 23(1232)77i,=3 


14±8 10“=* 

not def. 

(7p)*/=* - 

Na 


12±6 10“=* 

-(80±40)° 

(7P)T2 _ 

Ar(1520)77 


10±7 10“=* 

not def. 

(7p)=*/=* - 

23(1232)77i,=i 


65±30 10“=* 

-(160±40)° 

(7p)=*/=* - 

23(1232)77i:,=3 


15±11 10“=* 

not def. 

(7p)=*/=* - 

-7 Na 


14±8 10“=* 

-(10±45)° 

(7p)=*/=* - 

Ar(1520)77 


llilO 10“=* 

not def. 

7P -t Zi(1232)77i = i 

Ei+ 

30±16 10“=* 

-(95±35)° 

7P Zi(1232)77i=3 

Ei+ 

8±6 10“=* 

not def. 

7P —)• Na 

Ei+ 

6±4 10“=* 

(60±40)° 

7P —> A^(1520)7r 

Ei+ 

5±5 10“=* 

not def. 

7P — )■ 24(1232)7r_L=i 

Mi+ 

70±40 10“=* 

-(10±40)° 

7P -> z3(1232)77_l=3 

Mi+ 

18±12 10“=* 

not def. 

7 P —¥ Na 

Mi+ 

15±10 10“=* 

(145±45)° 

7P —> A^(1520)7r 

Mi+ 

12±10 10“=* 

not def. 


A^3/2+(1720) Breit-Wigner parameters 


Mbw 

1690±30 

Ebw 

420±80 

Br('7rA^) 

11±4% 

Br(Af(T) 

8 ± 6 % 

Br(Zi(1232)77i,=i) 

62±15% 

Br(Zl(1232)77i,=3) 

6 ± 6 % 

Br(V(1520)77) 

3±2% 

Br(V(1440)77) 

< 2 % 

4 I /2 

-^BW 

0.115±0.045 

43/2 

■^BW 

0.135±0.040 
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JV(1875)3/2“ 




Ar(1900)3/2+ 




A^(1875)3/2 pole parameters 
Mpole 1S70±20 Ppole 

0.017±0.009 Phase 
0.008±0.004 Phase 


A:^(1875)3/2 transition residues 
ttN ttN 3±1.5 (MeV) 

2 (ttN -> Zi(1232)7rL=o)/t" 0.05±0.03 

2 {ttN -> Zi(1232)7ri,=2)/r 0.04±0.02 

2 (irAf-)■ Aicr)/r 9±3% 

2 (ttN -)■ Ai(1440)7r )/T 3±2% 

Ai(1875)3/2^ Breit-Wigner parameters 


Mbw 

BrlTrA/") 

Br(Zi(1232)7ri,=o) 

Br(Ai(1440)7r) 

l<wl 


1875±20 

4±2% 

14±7% 

5±3% 

-0.016±0.008 


rsw 

Br(Af(T) 

Br(/l(1232)7ri,=2) 

Br(Af(1520)ir) 

a3/2 


200±15 
-(110±40)° 
(180±40)° 
phase 
(160±50)° 
not def. 
not def. 
-(175±45)° 
not def. 


200±25 

45±15% 

7±5% 

< 2 % 

-0.007±0.004 


JV(1880)l/2 + 


fV( 1880) 1 / 2 ^ pole parameters 


^pole 


1870i40 

^pole 

220i50 

^ 1/2 ( 1 ) 


O.OlOiO.05 

Phase 

-(170i40)° 

^ 1/2 ( 2 ) 


0.038i0.15 

Phase 

(80i40)° 

A^(1880)l/2~'' transition residues 


phase 

ttN 7 zN 


6i4 (MeV) 

(70i60)° 

2 {ttN 

Zi(1232)7r)/r 


0.14i0.08 

-(150i55)° 

2 (ttN -)■ 

Na))/r 


0.10i0.05 

-(140i55)° 

7pT2(i) 

Zi(1232)'7r 

Mi_. 

4i3 10“^ 

not def. 

7pi/2(i) 

Na) 

Mi_ 

3i2 10“^ 

not def. 

7pi/2(2) 

zi(1232)ir 

Mi_ 

13il0 10“^ 

-(170i60)° 

7pi/2(2) 

No- 

Mi 

10i7 10“^ 

not def. 

A^(1880)l/2''' Breit-Wigner parameters 


Mbw 


1875i40 

I^BW 

230i50 

Br(7rAr) 


6i3% 

Br(V(T) 

25il5% 

Br(Zi(1232)7r) 

30il2% 



4 I /2 ( 1 ) 
^BW 

-0.010i0.005 

141/2(2), 

\-^BW \ 

0.038i0.012 


JV(1895)l/2“ 


A^(1895)l/2 pole parameters 
Mpou 1907±10 

0.015±0.006 

A^(1895)l/2~ transition residues 
t^N —)• tzN 

2 (ttAT ^ Z\(1232)7r)/r 

^ Zi(1232)7r Eq+ 


^pole 

Phase: 


3±2 (MeV) 
0.05±0.025 
2 . 0 ± 1.2 10 “^ 


A^( 1895) 1/2 Breit-Wigner parameters 
Mbw 1905itl2 Pbw 

Br( 7 rAr) 2.5±1.5% Br(zi(1232)-7r) 

-0.016±0.006 


100 

(145±35)“ 

phase 

(125±45)“ 

-(100±45)° 

-(160±50)° 


lOOIip 

7±4% 


Af(1900)3/2'^ pole parameters 


Mpole 


1910i30 

r'pole 

280i50 

^ 1/2 

0.026i0.014 

Phase 

(60i35)° 

^ 3/2 

-(0.070i0.030) 

Phase 

(70i50)° 

Ar(1900)3/2'^ transition residues 


phase 

ttN —>• ttN 


4i2 (MeV) 

-(10i40)° 

2 (ttN -> 

Zi(1232)7ri, = i)/r 


0.07i0.04 

-(65i30)° 

2 (ttN -> 

Zi(1232)7ri,=3)/r 


O.lOiO.05 

(80i30)° 

2 (ttN -> 

Na)/r 


0.03i0.02 

-(110i35)° 

2 (ttN 

V(1520)7r)/r 


0.07i0.04 

-(105i35)° 

(7p)^/^ - 

-7 Zi(1232)7ri,=i 


7i4 10“^ 

(15i30)° 

(7P)T2 _ 

■7 Zi(1232)7ri,=3 


12i6 10“^ 

(160i30)° 

(7p)^/^ - 

-7 A^(T 


3il.5 10“^ 

-(30i30)° 

(7P)J72 _ 

-7 v(1520)7r 


8i4 10“^ 

-(15i35)° 

(7P)T2 _ 

-7 Zi(1232)7ri,=i 


14i7 10“^ 

-(145i30)“ 

(7P)T2 _ 

■7 Zi(1232)7ri,=3 


24il0 10“^ 

(15i30)“ 

(7P)T2 _ 

N (7 


7i4 10~^ 

(160i35)“ 

- 

7 V(1520)7r 


16i8 10“^ 

-(170i25)“ 

7P —¥ Zl(1232)7rL = i 

E\J^ 

7i4 10~^ 

-(150i30)“ 

7P —> A{12'i2)'nL=3 

-^1 + 

13i7 10“^ 

(5i25)° 

7P —¥ N (7 

-^1 + 

4i2 10~^ 

(155i30)“ 

7 P —>■ Ar(1520)7r 

E\^ 

8i5 10~^ 

(170i25)“ 

7P —> Zl(1232)7ri = i 

Mi+ 

lOie 10“^ 

(50i30)“ 

7P — > Zl(1232)7rj;,=3 

Mi+ 

18i9 10“^ 

-(155i30)“ 

7P N (7 

Mi+ 

5i3 10“'* 

-(10i25)° 

7 P —>■ Ar(1520)7r 

Mi+ 

12i8 lO”'* 

(10i25)° 


N^/ 2 + (1900) Breit-Wigner parameters 



Mbw 

1910i30 

J^BW 

270i50 

Br('7rA^) 

3i2% 

Br(V(T) 

4i3% 

Br(Zi(1232)7ri,=i) 

17i8% 

Br(/l(1232)7ri=3) 

33il2% 

Br(V(1520)7r) 

3 I /2 

^BW 

15i8% 

0.024i0.014 

43/2 

^BW 

-0.067i0.030 


Ar(2120)3/2“ 


A((2120)3/2 pole parameters 



M^pole 


2115i40 

r^pole 

345i35 

^ 1/2 

0.130i0.045 

Phase 

-(40i25)° 

^ 3/2 

o.ieoio.oeo 

Phase 

-(30±15)° 

A((2120)3/2 transition residues 


phase 

-kN -kN 


Hie (MeV) 

-(30i20)° 

2 {ttN -1 

Zi(1232)7ri,=o)/7’ 


0.25i0.10 

not def. 

2 {ttN -1 

Zi(1232)7ri,=2)/r 


0.15i0.06 

-(35i30)° 

2 (ttN ->■ 

Na)/r 


0.09i0.05 

-(80i50)° 

(7P)1/3 - 

7 Zi(1232)7ri,=o 


54i20 10“'* 

(40i55)° 

(7P)J72i _ 

7 Zi(1232)7ri:,=2 


32il2 10“'* 

-(30i45)° 

(7p)r72i _ 

7 Na 


20 il 2 10 “'* 

-(55i60) 

(7P)T2 _ 

7 A(12‘i2)TTL=o 


54i25 10“'* 

(50i60)° 

(7P)T2 _ 

7 Z\(1232)7ri:,=2 


31il2 10“'* 

-(15i45)° 

(7P)T2 _ 

4 N (7 


20 il 2 10 “'* 

-(50i50)° 

7P -> hi(1232)'7ri=o 

E2- 

74i35 10“'* 

-(110i55)° 

7P —zl(1232)7ri:,=2 

E2- 

43il5 10“'* 

(160i50)° 

7 P —¥ N <7 

E2 — 

28il7 10“'* 

(120i50)° 

7P —> Zl(1232)iri:,=o 

M2- 

14i7 10“'* 

(OOiSO)" 

7P —)■ zl(1232)7ri:,=2 

M2- 

8i3 10“** 

not def. 

7 P —¥ N (7 

M2- 

5i4 10“** 

not def. 

A((2120)3/2 Breit-Wigner parameters 


Mbw 


2120i45 

-Psw 

340i35 

Br(irV) 


5i3% 

Br(VCT) 

lli4% 

Br(Zl(1232)7ri,=o) 

50±20% 

Br(/l(1232)7ri=2) 

20 il 2 % 

4 I /2 

^BW 

0.130i0.050 

43/2 

^BW 

0.160i0.065 
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Table 0 continued. 


JV(2000)5/2 + 


Ar(2060)5/2“ 


A^(2000)5/2^ pole parameters Al(2060)5/2 pole parameters 


^pole 


2030±40 

^pole 

380±60 

^pole 


2030±15 

^pole 

400±35 

A1/2 

0.033±0.010 

Phase: 

(15±25)“ 

A1/2 

0.064±0.010 

Phase: 

(12±8)° 

A3/2 

0.045±0.008 

Phase: 

-(140±25)° 

A3/2 

0.060±0.020 

Phase: 

(13±10)“ 

Ar(2000)5/2'^ transition residues 


phase 

Ar(2060)5/2 transition residues 

phase 

ttN 7tN 


18±8 (MeV) 

-(150±40)“ 

ttN 7tN 



25±8 (MeV) 

-(130±20)° 

2 {ttN 

Zi(1232)7r)/ri,. 

= 1 

0.16±0.06 

(100±50)° 

2 (1771 

4(1232)17 

)/r 


0.06±0.03 

-(90±40)° 

2 ( ttN 

Zi(1232)7r)/_ri,. 

= 3 

0.20±0.10 

-(20±45)° 

2 (1771 

Na)/r 



0.06±0.03 

-(90±20)° 

2 ( ttN 

Na)/r 


0.12±0.06 

(80±40)° 

2 (1771 

71(1440)17 

)/r 


0.09±0.05 

(90±30)° 

2 ( ttN 

Ar(1520)7r)/r 


0.17±0.09 

-(60±35)° 

2 (1771 

^ 71(1520)17 

)/r 


0.14±0.06 

-(45±15)° 


Zi(1232)7ri = i 


8±4 10“3 

-(150±45)° 

^pU2 

-> 4(1232)17 



6.7±3.0 10“3 

-(10±45)° 


^ A(1232)7ri=3 


11±6 10“3 

(45±55)° 

^pU2 

^ N<7 



6.3±3.0 10“3 

-(15±20)° 

^pl/2 

— >■ Ncr 


6±4.0 10“3 

(170±45)“ 

IP^ 

71(1440)17 



9±6 10“3 

(150±35)“ 


-> 71(1520)17 


9±5 10“3 

(45±35)° 

IP^ 

71(1520)17 



14±7 10~3 

(30±20)“ 

^pV2 

-> Zl(1232)7ri = i 


10±4 10~3 

(60±45)“ 

^pV2 

4(1232)17 



7.0±4.0 10“3 

-(15±40)“ 

^pV2 

-> Zl(1232)7ri=3 


14±8 10~3 

-(100±50)° 

^pV2 

^ N<7 



7.0±4.0 10“3 

-(17±25)“ 

^pV2 

—>■ Na 


8.5±4.0 10“3 

(20±45)° 

^pV2 

71(1440)17 



11±6 10~3 

(150±35)“ 

^pV2 

-> 71(1520)17 


12±6 10”3 

-(110±30)° 

^pV2 

71(1520)17 



16±8 10~3 

(30±20)“ 

IP 

A{1232)ttl=i 

Ei- 

2.6±0.8 10“3 

-(100±40)° 

IP 

4(1232)17 


-E' 24 - 

0.3±0.3 10“3 

not def. 

IP 

A(1232)77i,=3 

Ei- 

3.2±2.0 10“3 

not def. 

IP 

Na 


-E' 24 - 

0.5±0.3 10“3 

not def. 

IP 

No- 

Ei- 

2.3±1.2 10“3 

not def. 

IP 

A^(1440)7r 


E 2 + 

0.4±0.3 10“3 

not def. 

IP 

71(1520)17 

Ei- 

3.5±2. 10“3 

(90±40)° 

IP 

71(1520)17 


^2 + 

0.8±0.3 10“3 

not def. 

IP 

Zl(1232)77i,=i 

M3_ 

4.7±2.0 10“3 

-(140±45)° 

IP -t 

4(1232)17 


M 2 + 

5.4±3.0 10“3 

(170±40)° 

IP 

4(1232)17 i,=3 

M3_ 

5.8±3.5 10“3 

(70±50)° 

IP -t 

Na 


M 2 + 

5.2±3.0 10“3 

(160±30)° 

IP 

Na 

M3_ 

4.±2. 10“3 

-(170±45)° 

IP -t 

A^(1440)7r 


M 2 + 

8.5±5.0 10“3 

-(15±35)° 

IP 

71(1520)17 

M3 

6.0±3.0 10“3 

(60±30)° 

7P -)• 

71(1520)17 


M 2 + 

13.0±7.0 10“3 

-(150±25)° 


-/V(2000)5/2^ Breit-Wigner parameters 


Mbw 

Br(7rAf) 

Br(Zi(1232)7ri:,=i) 

Br(Al(1520)7r) 


2060±30 

8±4% 

22 ± 10 % 

21 ± 10 % 

0.031±0.010 


rsw 

BriNcr) 

Br(Zi(1232)7ri=3) 

Br(A^(16S0)7r) 


390±55 

10±5% 

34±15% 

16±9% 

-0.043±0.008 


Al(2060)5/2 Breit-Wigner parameters 


Mbw 
Br(7r AT) 
Br(Afcr) 
Br(Al(1520)7r) 


2045±15 

11 ± 2 % 

6±3% 

15±6% 

0.062±0.010 


rBw 

Br(Zi(1232)7r) 

Br(Af(1440)7r) 

Br(A^(1680)7r) 


420±30 

7±3% 

9±5% 

15±7% 

0.062±0.020 


JV(1990)7/2 + 


** Solution 1 


Ar(1990)7/2 + 


** Solution 2 


-/V( 1990) 7/2^ pole parameters 


77(1990)7/2^ pole parameters 


Mpole 

1970±20 

r'pole 

250±20 

Mpole 2110±15 

^pole 

290±20 

A1/2 

0.047±0.010 

Phase: 

-(20±25)° 

aT3 0.040±0.012 

Phase: 

-(20±30)° 

A3/2 

0.048±0.010 

Phase: 

-(15±20)° 

43/3 0.030±0.012 

Phase: 

-(20±25)° 

Ar(1990)7/2'*" transition residues 


phase 

A^(1990)7/2"^ transition residues 


phase 

ttN 7tN 


2.0±0.7 (MeV) 

(180±15)° 

ttN 7tN 

2.4±0.7 (MeV) 

(115±20)° 

2 (1771 -)■ 4(1232)17 

)/r 

0.08±0.02 

(75±15)° 

2 (7771 ->■ 4(1232)77)/_r 

0.045±0.011 

-(170±25)° 

7^3/2 Zi(1232)i7 


15±3 10“3 

-(40±20)° 

7p3/2 Zi(1232)i7 

5.0±2.0 10“3 

(115±25)“ 

7p3/3 _> 4(1232)17 


14±3 10“3 

-(30±20)“ 

7p3/3 _> 4(1232)17 

3.8±1.4 10“3 

(110±30)“ 

7P ^ 4(1232)17 

E 3 + 

1.2±0.3 10“3 

(125±20)“ 

7P -> 4(1232)17 E 3 + 

1.7±1.0 10“3 

not def. 

7P 4(1232)17 

M 3 + 

8.4±1.5 10“3 

(145±20)“ 

7 P — >■ Zi(1232)7r -A43| 

3.1±1.2 10“3 

-(65±25)“ 


77(1895)1/2 Breit-Wigner parameters 

Mbw 1975±17 Fbw 215±20 

Br(irAr) 1.5±0.5% Br(zl(1232)Tr) 48±10% 

0.047±0.010 0.047±0.008 


A^(1895)l/2 Breit-Wigner parameters 

Mbw 2135±15 J^bw 295±25 

Br(7rAr) 2±1% Br(Zi(1232)7r) 16±6% 

0.040±0.012 0.027±0.012 
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Table 0 continued. 


JV(2190)7/2“ 


Ar(2100)l/2+ 


A^(2190)7/2 pole parameters 


Mpoie 

2150±25 

^poie 

325±25 

^ 1/2 

0.068±0.005 

Phase: 

-(170±12)“ 

^3/2 

0.025±0.010 

Phase: 

( 22 ± 10 )“ 

Ar(2190)7/2 transition residues 


phase 

ttN —¥ ttN 


30±4 (MeV) 

(28±10)“ 

2 (ttN -!■ hi(1232)-n-)/P 

0.27±0.04 

-(165±20)“ 

2 {ttN Na)/r 


0.13±0.05 

(50±15)“ 

( 7 P)T 2 ^1(1232)17 


18±2 10 “^ 

( 10 ± 20 )“ 

—>■ N <7 


8.4±3.0 10“^ 

-(135±15)“ 

-> .1(1232)17 


18±2 10 “^ 

( 10 ± 20 )“ 

—>■ N <7 


5.4±2.0 10“^ 

-(160±25)“ 

(7p) 3/2 Ar(i535)^ 


2.7±1.5 10“^ 

(60±15)“ 

7 P -> 21(1232)77 

E4- 

-2.8±0.9 10“^ 

(0±25)“ 

7 P —¥ Na 

£4- 

1.3±0.5 10“^ 

(35±20)° 

7P -I Zi(1232)77 

M4- 

5.5±0.7 10“^ 

(15±20)° 

7 P —¥ Na 

M4- 

2 . 6 ± 1.0 10 “^ 

-(130±20)° 

A''(2190)7/2 Breit-Wigner parameters 


Mbw 

2205±18 

rBW 

355±30 

Br( 7 rA/') 

16±2% 

Br(VCT) 

6±3% 

Br(Zi(1232)77) 

25±6% 



4 I /2 

^BW 

-0.071±0.006 

43/2 

^BW 

0.027±0.010 


A^(2100)l/2'^ pole parameters 


Mpoie 


2120±25 

^pole 

290±30 

^ 1/2 

(0.011±0.004) 

Phase: 

(65±30)° 

Ar(2150)l/2'^ transition residues 


phase 

ttN ttN 


23±5 (MeV) 

-(70±25)“ 

2 (ttN -! 

■ Zl(1232)77)/r 


O.lliO.05 

(20±60)° 

2 (ttN -! 

■ Na)/r 


0.18±0.06 

(125±25)° 

2 (77 V -* 

■ Ar(1535)77)/r 


0.22±0.06 

-(40±25)“ 

7 pT 2 

4 ( 1232)77 

Mi_ 

1.0±0.3 10“^ 

not def. 


Na 

Mi_ 

2.0±0.8 10“^ 

(-135±20)“ 

7 pT 2 

A^(1535)7r 

Mi 

2.4±1.2 10“^ 

(65±15)° 

A/'(2100)l/2'^ Breit-Wigner parameters 


Mbw 


2115±20 

rBW 

290±20 

Br('7rA^) 


16±5% 



Br(Zi(1232)77) 

10±4% 

Br{Ncr) 

20±6% 

Br(Ar(1535)7r) 

30±4% 



4 I /2 

^BW 

0.010±0.004 




^(1620)1/2“ 


2i(1600)3/2+ 




Zi(1600)3/2^ pole parameters 


Mpoie 

1515±20 

rpole 

250±30 

^ 1/2 

0.053±0.010 

Phase 

(130±15)“ 

^ 3/2 

0.055±0.010 

Phase 

(152±15)“ 

Zi(1600)3/2'*" transition residues 


phase 

-kN 7zN 


13±3 (MeV) 

-(155±20)“ 

2 (77 V - 

■> 4(1232)77i,=i)/r 


0.15±0.04 

(30±35)“ 

2 (77 V - 

■> 4(1232)77i,=3)/r 


O.OlOiO.005 

not def 

(7P)T2 

^ Zi(1232)77i = i 


8.5±3.0 10“^ 

-(120±30)“ 

(7P)T2 

^ Zi(l232)77i = 3 


0.6±0.4 10“^ 

not def. 

(7P)3/= 

^ Zi(1232)77i = i 


9.5±3.0 10“^ 

-(105±30)“ 

(7P)3/3 

^ Zi(l232)77i = 3 


0.7±0.3 10“^ 

not def. 

(7p) -> 

4(1232)77 i,=i 


2 . 0 ± 1.0 10 “^ 

(30±30)“ 

(7p) -1 

4(1232)77i,=3 


O.liO.l 10“^ 

not def. 

(7p) -> 

4(1232)77 i,=i 

Mi + 

12±3 10“^ 

(65±25)° 

(7p) -1 

4(1232)77i,=3 

Mi + 

l.OiO.5 10“^ 

not def. 


Z\(1600)3/2'*" Breit-Wigner parameters 


Mbw 

1520±20 

rBW 

235i30 

Br(7rA/') 

14±4% 



Br(4(1232)77L=i) 

77±5% 

Br(4(1232)77i=3) 

< 2 % 

4 I /2 

^BW 

-0.051i0.010 

43/2 

■^BW 

-0.055i0.010 


2i(1700)3/2“ 


Zi(1700)3/2 pole parameters 
Mpoie 1685±10 

0.175±0.020 
0.180±0.020 

Zi(1700)3/2~ transition residues 
ttA^ —t ttAI 

2 (irlV A{12Z2)TXL=a)lr 
2 (ttIV ^ di(1232)Tri,=2)/r 


^pole 

Phase 

Phase 

40±6 (MeV) 

0.25±0.12 

0.12±0.06 


300±15 

(50±10)“ 

(45±10)“ 

phase 

-( 1 ± 10 )“ 

(135±45)“ 

-(160±30)° 


Z\(1620)l/2 pole parameters 
Mpoie 1597ili5 

0.054±0.007 

Z\(1620)l/2~ transition residues 
ttN —y ttN 

2 (ttN Z\(1232)7r)/r 
2 {ttN -)■ Ar(1440)7r)/r 
(^p)i /2 ^ ^(i232)7r -Eo+ 

(^p)V 2 ^ Ar(i440)7r Eo+ 


^pole 

Phase 


20±3 (MeV) 
0.42±0.06 
O.lOiO.06 
11±2 10“^ 
3±2 10“^ 


Zi(1620)l/2 Breit-Wigner parameters 


Mbw 

Br( 7 r V) 
Br(Ar(1440)7r) 
.1/2 
^BW 


1595±8 rBW 
28±3% Br(Zi(1232)7r) 

6±3% 

0.055±0.007 


134±8 

-(6±7)° 

phase 

-(90±15)° 

-(90±20)° 

-(65±30)° 

(130±25)° 

(150±40)° 


135±9 

62±10% 


.^(1700)3/2 continued 


2 (77 V -> 

■ Ar(1520)77)/r 


0.10i0.03 

-( 10 i 20 )° 

(7P)T2 . 

-)■ 4(1232)77i,=o 


31il7 10“^ 

(175i25)° 

(7P)T2 . 

-)■ 4(1232)77i,=2 


16i7 10“^ 

-(120i35)° 

(7p)^/^ - 

-)■ 41(1520)77 


14i4 10“^ 

(35i20)° 

(7P)T2 . 

-)■ 4(1232)77i,=o 


32il7 10“^ 

(180i25)° 

(7P)T2 . 

-)■ 4(1232)77i,=2 


16i7 10“^ 

-(120i35)° 

(7P)T2 . 

-)■ V(1520)77 


14i4 10“^ 

(35i20)° 

7P -> 4(1232)i7_l=o 

E 2 — 

44i20 10“^ 

(0i25)° 

7P -> 4(1232)77i=2 

E 2 — 

22 il 0 10 “^ 

(60i30)° 

7 P —)■ A^(1520)'7r 

E 2 — 

19i5 10“^ 

-(145i20)° 

7P -t 4(1232)77i=o 

M 2 - 

11±6 10 “^ 

(175i25)° 

7P -t 4(1232)77i=2 

M 2 - 

6i4 10“^ 

-(120i30)° 

7 P —)■ A^(1520)'7r 

M 2 - 

3il 10“^ 

(40i20)° 

Zi(1700)3/2“ Breit-Wigne 

r parameters 


Mbw 


1715i20 

Ebw 

300i25 

Br( 77 V) 


22i4% 

Br(V(1520)77) 

3i2% 

Br(4(1232)77i,=o) 

20il5% 

Br(4(1232)77I,=2) 

10 i 6 % 

4 I /2 

^BW 

0.165i0.020 

43/2 

^BW 

0.170i0.025 
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Table 2 continued. 


A(1900)l/2“ 


2i(1910)l/2+ 




zl(1900)l/2 pole parameters 



zi(1910)l/2'^ pole parameters 



^pole 

1845±20 

^pole 

295±35 

^pole 

1840±40 

^pole 

370±60 

0.064±0.015 

Phase 

(60±20)° 

0.027±0.009 

Phase 

-(30±60)° 

zA(1900)l/2~ transition residues 


phase 





ttN ttN 


11±2 (MeV) 

-(115±20)° 

Z\(1910)l/2'^ transition residues 


phase 

2 (irlV -)■ Zi(1232)7r)/_r 


0.18±0.10 

(105±25)° 

ttN —>• 7tN 


25±6 (MeV) 

-(155±30)° 

2 (ttN -)■ Ar(1440)7r)/r 


O.lliO.06 

(115±30)° 

2 {ttN ->■ Zi(1232)7r)/r 


0.24±0.10 

(85±35)° 

2 (ttN -)■ Ar(1520)7r)/r 


0.06±0.03 

not def. 

2 (ttN -> Af(1440)7r)/r 


0.06±0.03 

(170±45)“ 

7P -> Zi(1232)7r 

Eo+ 

14±7 10“^ 

(45±25)“ 

7P -> zl(1232)'n- 

Mi_ 

5±3 10“^ 

(110±45)“ 

7P —A^(1440)7r 

Eo+ 

9±6 10“^ 

(50±30)“ 

7P —> A^(1440)7r 

Mi_ 

1.5±1.2 10“^ 

not def. 

7P —A^(1520)7r 

Eo+ 

4±2 10“^ 

not def. 






Zi(1900)l/2 Breit-Wigner parameters Zi(1910)l/2'^ Breit-Wigner parameters 


Mbw 

1840±20 

Ebw 

295±30 

Mbw 

1845±40 

^BW 

360±60 

Br(7rA/') 

7±2% 

Br(/l(1232)'n-) 

50±20% 

Br(7rA/) 

12±3% 

Br(Z\(1232)7r) 

50±16% 

Br(Ar(1440)7r) 

20±12% 

Br(Af(1520)ir) 

6±4% 

Br(7V(1440)7r) 

6±3% 



.1/2 

^BW 

0.065±0.015 



.1/2 

^BW 

0.026±0.008 




.^(1905)5/2+ 




2i(1940)3/2“ 




Z\(1905)5/2^ pole parameters Zi(1940)3/2 pole parameters 


Mpoie 

1800±6 

^ pole 

290±15 

Mpoie 

2040±50 

^ pole 

450±90 

.1/2 

0.025±0.005 

Phase 

-(28±12)“ 

^1/2 

0.170 

+0.120 

-0.100 

Phase 

-(10±30)“ 

^3/2 

-0.050±0.004 

Phase 

(5±10)“ 

.3/2 

0.150±0.080 

Phase 

-(10±30)° 

2^(1905)5/2'*" transition residues 


phase 

Zl(1940)3/2 transition residues 


phase 

■kN tzN 


19±2 (MeV) 

-(45±4)“ 

-nN ttN 


6±3 (MeV) 

-(90±35)° 

2 {ttN Zi(1232)7r)/r 

0.19±0.07 

(10±30)“ 

2 (77V -> 

■ .(1232)77i,=o)/t" 


12±6% 

(120±45)° 

(7P)1/2 ^ .(1232)77 


5.0±2.0 10“^ 

(10±35)“ 

2 (77V -> 

■ .(1232)77i,=2)/B 


6±4% 

-(80±35)° 

(7P)3/^ ^ .(1232)77 


9.5±3.7 10“^ 

-(150±35)° 

(7p)i/= ■ 

-)■ .(1232)77i,=o 


-60±40 10“^ 

-(10±40)° 

7P -> .(1232)77 


2.7±1.2 10“^ 

(40±30)° 

(7p)i/= ■ 

-)■ .(1232)77i, = 2 


30±20 10“^ 

-(25±35)° 

7P -> .(1232)77 

M3 

4.7±1.4 10“^ 

(25±35)° 

(7P)3/2 . 

-)■ .(1232)77i,=o 


-55±40 10“^ 

-(10±40)° 

zA(1905)5/2'^ Breit-Wigner parameters 


(7P)3/2 . 

-I .(1232)77i, = 2 


22±12 10“^ 

-(20±35)° 

Mbw 

1856±6 

^BW 

325±15 

7P -> .(1232)77j:,=o 

E 2 - 

75±50 10“^ 

-(10±40)° 

Br(7rAr) 

13±2% 

Br(.(1232)77) 

33±10% 

7P -> .(1232)77j:,=2 

E 2 - 

35±25 10“^ 

(155±40)“ 

Br(A^(1680)7r) 

.1/2 

^BW 

10±5% 


7P -> .(1232)77j:,=o 

M 2 - 

-15±10 10“^ 

(0±40)“ 

0.025±0.005 

.3/2 

^BW 

-0.050±0.005 

7P -> .(1232)77_l=2 

M 2 - 

7±4 10“^ 

-(25±40)° 


2\(1920)3/2+ 


^1(1920)3/2"^ pole parameters 



Mpole 

1875±30 

rpole 

300±40 

.1/2 

0.110±0.030 

Phase 

-(50±20)° 

^3/2 

-0.100±0.040 

Phase 

(0±20)° 

21(1920)3/2"*' transition residues 


phase 

ttN -kN 

16±6 (MeV) 

-(50±25)° 

2 (77 V -> 

■ .(1232)77)/ri,=i 

0.20±0.08 

-(105±25)° 

2 (77 V -> 

■ .(1232)77)/ri,=3 

0.37±0.10 

-(90±20)° 

2 (77 V -> 

■ V(1440)77)/r 

0.04±0.03 

not def. 

2 (77 V -) 

■ V(1520)77)/r 

0.05±0.05 

not def. 

(7P)T2 . 

-> .(1232)77i,=i 

36±15 

-(120±35)° 

(7P)^12 . 

-7- .(I232)77i = 3 

58±20 

-(120±35)° 

(7P)T2 . 

-7- .(1232)77i = i 

33±12 

(120±30)° 

(7P)T2 . 

-7- .(I232)77i = 3 

52±15 

(125±35)° 

7P —I .(1232)77i, = i iSi+ 

23±8 10“^ 

(80±35)° 

7P —I .(1232)77i,=3 Ei+ 

37±12 10“^ 

(80±35)° 

-yp —Zl(1232)7ri, = i Mi+ 

27±15 10“^ 

-(20±30)° 

7P —> .(1232)77j:,=3 Mi+ 

41±22 10“^ 

-(20±35)° 

21(1920)3/2/' Breit-Wigner parameters 


Mbw 

1880±30 

I^BW 

300±40 

Br(7rA/') 

8±4% 



Br(.(1232)777:,=i) 18±10% 

Br(.(1232)77z,=3) 

58±14% 

Br(V(1440)77) < 4% 

Br(V(1520)77) 

< 5% 

.1/2 

^BW 

0.110±0.030 

.3/2 

^BW 

-0.105±0.035 


21(1940)3/2 Breit-Wigner parameters 


Mbw 

2050±40 

r'Bw 

450±70 

Br(7rA/) 

2±1% 



Br(zl(1232)7ri.=o) 

46±20% 

Br(Zi(1232)7ri.=2) 

12±7% 

.1/2 

^BW 

U.J-/u_o oso 

.3/2 

^BW 

0.150±0.080 


2i(1950)7/2+ 




zl(1950)7/2'^ pole parameters 


Mpole 

1888±4 

^pole 

245±8 

.1/2 

-0.067±0.004 

Phase 

-(10±5)° 

^3/2 

-0.095±0.004 

Phase 

-(10±5)° 

zl(1950)7/2/' transition residues 


phase 

ttN —>• ttN 


58±2 (MeV) 

-(24±3)° 

2 ( 77 V ->■ .( 1232 ) 77 )/r 

12±4% 

not def. 

(7p)V^ .(1232)77 


4.4±1.8 10“^ 

not def. 

(7p)^/^ .(1232)77 


6.2±2.5 10“^ 

not def. 

yp —)■ Zi(1232)77 

^3+ 

O.liO.l 10“^ 

not def. 

yp —)■ Zi(1232)77 

M3+ 

3.3±1.5 10“^ 

not def. 

21(1950)7/2'*' Breit-Wigner parameters 


Mbw 

1917±4 

r'Bw 

251±8 

Br('7rA^) 

46±2% 

Br(.(1232)77) 

5±4% 

Br(Ar(1680)7r) 

6±3% 



.1/2 

■^BW 

-0.067±0.005 

43/2 

^BW 

-0.094±0.004 













































































